DISTRIBUTED ADAPTIVE SIGNAL PROCESSING: A
STUDY OF SERIES FEED-FORWARD BINARY

ADAPTIVE COMPOUNDS

A Thesis
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulfillment of the Requirements for the Degree of

Master of Science

by
John MacLaren Walsh

January 2004



(© 2004 John MacLaren Walsh

ALL RIGHTS RESERVED



ABSTRACT

This work attempts to characterize and provide design guidelines for adaptive sys-
tems composed of two adaptive elements. To begin, we introduce the notion of an
adaptive element, which is the smallest scale upon which systems have adaptivity.
Then we provide a concise review of many of the subjects deemed important to
single adaptive elements from a deterministic dynamical systems view. Theorems
are provided characterizing the deterministic dynamic behavior of single adap-
tive algorithms, and their robustness to disturbances and time variation. We also
provide a review of deterministic single time scale averaging theory.

After we have characterized the behavior of a single adaptive element, we are
ready to begin to study the possibility of connecting more than one adaptive de-
vice together. It is this possibility that inspires us to imagine different ways of
and reasons for using distributed adaptation in these structures. We then select
one of the possible binary (i.e., two element) structures for connecting adaptive
elements, the series feedfoward binary adaptive compound (SFFBAC), and char-
acterize its behavior. We motivate this discussion with quotes from the digital
receiver literature, which indicate that the interaction of adaptive components is
a recognized problem about which very little theoretical work has been done. All
along, we are considering adaptive systems from an engineering mindset. Within
these lines, we observe that distributed adaptive systems often arise as a relic of
our method of design. We name the design technique that connects individually
designed adaptive elements together to solve a bigger problem the ”Divide and

Conquer” strategy. Our goal then becomes to provide sufficient conditions under



which we can use ”"Divide and Conquer” to design working series feed-forward
binary adaptive compounds.

To give conditions for Divide and Conquer design, we begin with a qualitative
mindset, describing the sorts of requirements that may be encountered when ap-
plying a more rigorous theorem. Then, in Chapter 4 we develop the beginning of a
rigorous behavior theory for series feed-forward binary adaptive compounds. This
theory directly supports the qualitative design conditions we provide. Since we
are not only interested in studying adaptive receivers which behave well, we also
develop a misbehavior theorem, which predicts one of the ways a SFFBAC may
misbehave. We conclude this theory by applying it to practical examples from
digital receivers employing more than one adaptive element. To do so, we must
remove the assumption that all other adaptive elements are behaving in an ideal
manner from the models for the behavior of the adaptive receiver components.
Thus, Appendix A contains models and derivations for the behavior of adaptive
receiver components under non-ideal situations. After our example applications
of the theory to adaptive receivers, we end the thesis by mentioning other possi-
ble applications of the theory, as well as many possible extensions to the theory,

including the use of other mathematical tools.
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Chapter 1

Introduction

Adaptive systems are ubiquitous in our world. They occur in economics, in popu-
lations; in networks and in social organizations. Most biological systems adapt to
their environment, and hence contain adaptive aspects. We are ourselves adaptive
systems: the brain being one of the most complex adaptive systems imaginable.
It is not surprising, then, that we design adaptivity into what we build.

Communications, control, and signal processing are all fields of engineering that
rely heavily on adaptive systems for practical implementations. Usually, these sys-
tems can be viewed as complex interactions between smaller adaptive objects. To
borrow an example from economics, a national economy is certainly a large adap-
tive system, in which smaller players, in the form of businesses and governments,
interact in complex ways. When investigating the economy as a whole, these in-
dividual player’s actions are almost imperceivable in terms of the way they can
affect the large system. Yet, when viewed on their own scale these smaller players,
the businesses and governments, are adaptive systems themselves.

Continuing a 2,500 year old Platonic philosophical trend, we hypothesize that
there is a smallest scale upon which adaptation occurs. In this manner, the econ-
omy can be likened to a block of matter. Just as when looking at a block of
matter, it is difficult to discern the existence or effect of a single atom, it is diffi-
cult to discern the effect, or even the existence, of a single business when studying
the behavior of the entire the economy. Yet, Greek philosophy chose to attack a
characterization of the behavior of matter by first hypothesizing the existence of,

and then characterizing, the smallest scale upon which matter could be described.



Similarly, we wish to attack the problem of understanding complex adaptive sys-
tems by first understanding their behavior on the smallest scale possible. Thus,
we introduce the notion of an adaptive element: the smallest building block (ie
type of atom) in a compound adaptive system. Adaptive elements are the funda-
mental particles of an adaptive system: below the scale of an adaptive element,
the subsystems are no longer adaptive.

In this thesis our scope is limited further in that we are only going to consider
adaptive elements that can be viewed from a signal processing standpoint. These
adaptive signal processing elements take an input signal and produce an output in
a manner which changes depending on characteristics of the inputs and previous
outputs. Furthermore, we will limit our discussion to adaptive signal processing
elements that operate in the discrete domain. That is, they take in samples at
discrete time instants, and process them to create more samples at discrete time
instants.

Digital adaptive signal processing elements have existed for decades now, and a
wide base of knowledge has been collected about both individual algorithms, as well
as general algorithm classes. Rather than collect or imagine that we could treat the
entirety of this literature with any type of adequacy here, we choose to introduce
some fundamental mathematical principles upon which an adaptive element can be
built, and many adaptive elements are built. We will draw many of our examples
of adaptive elements from communications systems: a technical area in which
adaptive widgets have proven their applicability and efficiency in a wide range of
products and applications. But 40 years of research on single adaptive algorithms,
numerous Bible-sized textbooks, and a gigantic body of journal literature have

all probably begun to give single adaptive algorithms somewhat of an adequate



treatment, so we do not presume we will say anything new about that subject
here. Everything this thesis presents about single adaptive elements should be
easy to find in any number of more extensive textbooks on the subject (e.g. [1],
2], or [3]). The material is included here to motivate the heart of our discussion,
which centers around the possibility of interconnecting two adaptive elements. This
is our first step towards characterizing the behavior of larger adaptive systems.

Clearly, there are phenomena that will occur in complex adaptive systems which
will not be present in a small adaptive compound made of two elements. Never-
theless, we hope to begin to learn about the larger system by attacking a small
system containing only a few adaptive elements first, just as it is common prac-
tice to learn inorganic chemistry with small molecules before attempting to study
gigantic organic compounds. Furthermore, as we will see in Chapter 4, even after
constraining our study to the behavior of adaptive compounds formed from only
two adaptive elements, a.k.a. Binary Adaptive Compounds (BACs), the possi-
bilities of interconnecting the adaptive elements are numerous. Thus this thesis
attempts to discuss only one, and perhaps the simplest, type of Binary Adaptive
Signal Processing Compound: a compound in which the two adaptive elements are
connected in series, each adapting only on their own output and input, and the
output of the first being fed into the input of the second.

Even within this very narrow context our coverage is probably not compre-
hensive, since in this early (masters) work, we seek theorems with only sufficient,
but perhaps not necessary, conditions. Nevertheless, we attempt to provide some
significant insights into the way such series feed-forward binary adaptive signal

processing compounds behave. Specifically, we provide:

e A theorem which gives sufficient conditions on the two adaptive elements in



the compound to guarantee convergence to fixed desired parameter settings.

e Theorems which account for non-idealities in the two adaptive elements,
including time variation, disturbances, and un-averaged behavior, yet still

guarantee convergence to parameter settings near the desired trajectories.

e A collection of sufficient conditions, the Divide and Conquer Conditions,
which will guarantee proper operation of a series feed-forward binary adaptive

compound when it is designed within a particular framework.

e A misbehavior theorem, which emphasizes the importance of choosing proper
step sizes to track time-varying desired trajectories, and shows the lack of

convergence that is possible when they are not chosen correctly.

We will see that these results have some applications in communications systems,
where it is common practice to interconnect several adaptive elements in a heuristic
manner. Our hope is that our theorems and discussion will be able to illuminate
this one type of interconnection in an adaptive communications receiver and pro-
vide insightful implications for design and adjustment. Along these lines, we end
the thesis using our theorems to analyze several examples of algorithm pairs found
in digital receivers. To do so, we must determine the true behavior of different
receiver components when their inputs are non-ideal. We call the functions which
determine this behavior ”sensitivity functions” and have developed them for a va-
riety of adaptive receiver components in Apendix A. With these new models, we
use our averaging theory to analyze an interconnected timing recovery algorithm
and equalization algorithm. We also apply our theory to two adaptive receivers
containing a gain control and different carrier recovery units to show how the the-

orems we have developed can help us decide between two adaptive algorithms. We



conclude the thesis by mentioning some other possible applications of the theory
we have developed, and by noting a number of possible directions in which to

extend the theory, including the possible use of other mathematical tools.



Chapter 2
What is an adaptive element? An

Adaptive Element Characterization.

Adaptive elements are the fundamental building blocks of adaptive systems. We
consider them to be the smallest scale upon which a part of an adaptive system
can be viewed as performing adaptation. In context of signal processing, adaptive
signal processing elements! take an input signal and produce an output in a manner
which changes depending on characteristics of the inputs and previous outputs. Of
course, this general definition does not provide us with a unique description of an
adaptive element, since an interconnection of two adaptive elements satisfying
this definition will create another system that satisfies this definition. We do not
address this problem of non-uniqueness here, other than to mention it, and to note
that we will divide the composite adaptive system up into adaptive elements along
conventional lines (i.e., an equalizer and a timing recovery unit are two separate

adaptive elements in a digital receiver).

2.1 Composition: The Subatomic Particles

From the discussion in the previous chapter, we can discern two tasks which an

adaptive element must perform:
1. Process the input to create the output and adapt, and

2. Adapt its method of processing the input to create the output based on

'From this point on we will refer to adaptive signal processing elements using
the phrase ”adaptive elements.”



previous inputs and outputs.

Mathematically speaking, this separation into tasks suggests the idea that there
are two subsystems of equations involved with an adaptive element. Continuing
the analogy with chemistry, we call these two subsystems the subelements or sub-
atomic particles. The processing subelement processes the input signal to create
an output signal, and the adaptation subelement determines how it should do so.
Because we wish to be able to describe the adaptive element in a mathematical
manner, we assume that the communication between the adaptive subelement and
the processing subelement occurs in the form of a parameter vector, which we call
the adaptive state. The adaptive state contains all memory the adaptive ele-
ment has of past inputs? and totally determines the manner in which the adaptive
element processes the current input to create the current output. The right hand
pane of Figure 2.1 emphasizes the separation of the adaptive structure into two
substructures, one that controls the adaptation by changing the adaptive states,
and one that creates the input from the output based on the adaptive state. The
left pane shows a diagram that is equivalent, yet more compact, which we will use

from this point on.

2.1.1 Adaptatation Sub-element

The adaptation sub-element is what differentiates an adaptive signal processing
element from a simple filter. It controls the evolution of the adaptive state based

upon the inputs its observes. Because the adaptive state contains all the memory

2Thus, for an adaptive IIR filter, what we are calling the ”adaptive state” is the
concatenation of both the parameters as well as the current state from the state
space description of the filter. Any separating of these two vectors (e.g. for mixed
time scale analysis) will be explicitly dealt with when necessary.



Lk = glay, =) | Yk _
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art1 = flag, zx)

Figure 2.1: Two equivalent representations of an adaptive element.

the adaptive device has of the past, the new adaptive state is totally determined
by the current adaptive state and the current input. Thus, the evolution of the

adaptive state vector can be described with the difference equation:

Ap4+1 = f(@k, fl?k:)

Where, as in Figure 2.1, a; € R" is the adaptive state at positive integer time
instant k and x;, € R is the input vector at time k. In the right pane of Figure

2.1, the adaptation subelement lies within the lower of the two boxes.

2.1.2 Processing Sub-element

Given a particular adaptive state, the processing sub-element processes the input
to create the output. This mapping it totally determined once a particular adaptive

state is specified. Thus, this subsystem of equations can be written as

Yk = g(akw xk)

where z;, € R? is the input, a;, € R" is the adaptive state, and y, € R? is the
output of the adaptive signal processing element at time k. In the right pane of

Figure 2.1, the processing element lies within the higher of the two boxes.



2.2 Designing Adaptive Elements and Characterizing their

Behavior

Now that we have determined what an adaptive element is, we move on to discuss
different ways of designing adaptive elements and characterizing their behavior.
Before we can do so, we must make an important stipulation on the modelling of
the signals involved with the adaptive element. Specifically, we are interested in
signals which are specified within a deterministic® framework. This being said, we
still allow uncertainty into our models by adding a disturbing signal which we do
not directly specify other than to say it is bounded. Furthermore, our discussion
of averaging can be coupled with notions of probabilistic expectation, so as to
include many of the more important concepts that a stochastic analysis can bring.
This allows a certain amount of marriage between the deterministic and stochastic
theories, while still keeping some of the nicer aspects of a truly deterministic theory,
such as the ability to bound errors concretely before limits are taken.

Once we have specified that we are interested in studying adaptive elements
within a deterministic framework, there are a number of different theoretical fields
which offer us insights into the way adaptive devices behave. Specifically, stabil-
ity theory allows us to characterize the behavior of (possibly nonlinear) adaptive
devices near an equilibrium. This is coupled with a common philosophy encoun-
tered when one designs adaptive elements. Typically, designers wish to perform
some action on a signal which depends on the particular signal being encountered
(hence the choice of an adaptive device). They come up with a function that gives

a "good” output, given a particular input. Then, they choose a parameterized in-

3That is, non-random and non-stochastic.
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put output relationship, which, when given the correct parameters for a particular
input, produces the desired output. This parameterized relationship is then chosen
to be the processing sub-element, and the job of the adaptation sub-element is to
infer the "good” parameters from the current input. A local characterization of
the adaptive element’s behavior can then be performed by studying the dynamics
of the adaptive subsystem near the ”"good” parameters for the class of inputs of
interest. Specifically, it is desirable that, given a particular input, an adaptive sub-
system initialized with an adaptive state near the "good” parameters will remain
close to the "good” setting. The language of stability theory allows us to more
precisely describe such behavior. Below are some definitions from the stability
theory of difference equations that we will use in the ensuing discussion. Note that
standard stability theory includes many more types of stability, but we list only
those that we will study in the ensuing discussion. Definitions 1 through 4 can
be found in almost any book on difference equations (e.g. [4] or [5]) or nonlinear
systems (e.g. [6], [7], and [8] for continuous time versions). Although we use the
notation kg for the notion of an initial time here, from now on, we will consider
only systems which have the convention of starting at time 1, that is, with kg = 1.
Note that definition 5 is a particular type of uniform ultimate boundedness, and is
our own combined notion of stability and boundedness that we will have occasion

to use in this thesis.

Definition 1 (Stationary Point). A stationary point of a map f(k,-, x;) : R" —

R™ is a point a* € R™, possibly dependent on k and xy, such that a* = f(k,a*, xy).

Definition 2 (Exponential Stability). Given an input, xy, a stationary point
a* of a map f in a difference equation ayy1 = f(k, ax, x) is said to be exponentially

stable if there exists 6 > 0, M > 0, and n € (0,1) such that ||a(ko,a1) — a*|| <
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Mllay — a*||n™, whenever ||a; — a*|| < 0.

Definition 3 (Global Exponential Stability). Given an input, x, a stationary
point a* of a map f in a difference equation axr1 = f(k, a, xy) is said to be globally

exponentially stable if it is exponentially stable with § = oo.

Definition 4 (Uniform Ultimate Boundedness). A solution, ax(ko,a1) to the
difference equation axi1 = f(k,ax, ) is said to be uniformly ultimately bounded
if there exists § > 0 and M > 0 such that limy_ ||ax(ko, a1) — a*|| < M whenever

|lay — a*|| < 0 and M is independent of ky.

Definition 5 (Exponential Stability to within a Ball). A solution, ax(ko,a1),
is exponentially stable to within a ball of size M with rate «, if there exists 6, M and

a € (0,1) such that ||ax(ko, ar) —a*|| < a7 L||a; — a*|| + M whenever ||a; —a*|| < 6.

Note that, from now on, we will use the short hand a; to refer to a particular
solution to the system of equations, and drop the notation ay(kg, a1), which em-
phasized the explicit dependence of the trajectory on its initial location a;, and
the starting time ky. We will also use the convention throughout that the initial

starting time kg = 1.

2.2.1 Stability of Fixed Stationary Points

Now that we have familiarized ourselves with some of the important terms, let
us begin characterizing some typical behavior of adaptive elements. In particular,
we expect that when an adaptive element is excited with an input in the class of
inputs of interest that is free from any disturbances, that it will eventually go to
the correct desired state, preferably exponentially fast. Given a particular input

our first theorem provides sufficient conditions upon the adaptive state equation
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and state initialization to guarantee exponential stability to the desired parameter

settings.

Theorem 1 (Exponentially Stable Adaptive Elements). Consider the adap-

tive state equation of an adaptive element
ag+1 = flak, )
Suppose the transition function has a stationary point a*, such that
a* = f(a*,zy) vk (2.1)

Furthermore, suppose that f is locally contractive uniformly in x; within an open

ball B+ at a*

By- = {allla — a”[| <1}
1f(,an) —a™|| < all§ —a*||  VE€Bs Vk (2.2)

Then, if the contraction constant « is less than 1, the adaptive element is locally

exponentially stable to a* with rate o within a ball By
a<l=LES toa"
¢ Start with the state equation
apr1 — a" = f(ag,xx) — a”

Using (2.1) we have
arpr — @ = flag, x) — f(a*, zx)

Taking the norm of both sides and using (2.2) we have

larr = a*|| < aflay — a7
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Running the recursive formula gives
ks — a*[| < @¥llay — a*|| Vay € B

which is a definition of exponential stability. ¢

Commentary and Examples

A subtle point that the mathematics do not highlight is the possible dependence
of a on the input. Thus, one of the things one must check when applying such
a theorem to an adaptive element is that o < 1 for all of the possible inputs of
interest. To explain the meaning of the theorem, here are a couple of mathematical
examples of adaptive state equations after specifying a particular input that are

exponentially stable to the desired parameter settings.

Example 2.1 (An Exponentially Stable Adaptive Element). Here we have

an exponentially stable adaptive element with adaptive state equation
_ 2 3
Ap+1 = a — P ag + pay,

from which we see that a* = 0 is a stationary point. Let’s consider the ball,

B, = {al|la — a*|| < 1}. Within this ball our contraction constant will be

la—p?a—pa’|

@ = MaXqe[-1,1] fa]

la||1—p?—pa?|

= MMaXge[—1,1] la]

= maxge11] |1 — p* — pa?|
which will be < 1 V|u| < 1. Thus, the theorem predicts that our algorithm will
be exponentially stable within By« for all |p| < 1. Figure 2.2 suggests that this

1s indeed the case. In the top left corner of this figure, we see the adaptive state
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Figure 2.2: A sample application of theorem 1, indicating exponential stability of

locally contractive adaptive state update equations.

function, and in the top right corner we see the graph that helps determine the

contraction constant for the particular region, [—1,1], that we are interested in.

The bottom left pane shows the accuracy of our contraction bound, and we observe

that as the error in the state gets larger our bound becomes less tight. One can

discern from the bottom right hand graph that the algorithm converges faster than

our worst case bound predicts.

It is tempting to replace the contraction criterion, (2.2), with a stipulation
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that the adaptive state update equation is Lipschitz continuous? with Lipschitz

constant less that one. Specifically, this requirement takes the mathematical form
1f(a1) = flaz)l| < aflar —aof] o<1 Vay,ay € Be- (2.3)

While this does guarantee exponential stability to the desired point, it is too re-
strictive. The two examples below show that the less restrictive (2.2) is sufficient

to guarantee exponential stability: one does not need to require (2.3).

Example 2.2 (Discontinuous Exponential Stability). In this example, we
consider an adaptive state equation which is discontinuous in the adaptive state,
but still satisfies the contraction criterion that guarantees exponential stability in

Theorem 1. Specifically, the adaptive state function is

L a| < .2
= o 2.)
o lal > .2

While another possible adaptive state function that emphasizes the lack of necessity

of (2.3) is

5 la| < .2

fla) =4 100 (z, — 2sign(xy)) + .02sign(xy) 2 <la| < .21 (2.5)

() — .201sign(xy)) /10 + 12sign(zy) |a| > .21

Both of these adaptive subelement’s behaviors are plotted in Figure 2.3. The update
function in the top left pane is (2.4) and is discontinuous, and the lower left update
function is (2.5) and has a Lipschitz constant that is greater than 1. Yet, both
systems are asymptotically stable, as seen by the example trajectories shown in the
right column of Figure 2.3. This gives us an indication of the generality of our

assumptions compared to other possible assumptions, while it turns out that they

are still only sufficient conditions.

4See Appendix C for a definition of Lipschitz continuity.
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A Discontinous Adaptive State Update Trajectory of Discontinuous System to A.S.
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Figure 2.3: Examples of asymptotic stability with a discontinuity or a Lipschitz

constant greater than one.
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It is also fairly important to note that our theorem only provide sufficient
conditions for exponential stability to the desired parameters. Even though our
conditions are more general than they could be, they are still not general enough

to be necessary.

2.2.2 Robustness of Exponential Stability to Perturbations

One very important property of exponential stability is the robustness to distur-
bances it induces. Namely, when either our input or our adaptive state equation
has modelling error in it which is uniformly bounded, the adaptive element is still
stable to a ball around its desired performance settings whose size is linearly re-
lated to the bound on the disturbance. Theorem 2 emphasizes and proves this

property of exponential stability under the conditions we provided in Theorem 1.

Theorem 2 (Robustness of Exponential Stability to Disturbances). Con-

sider a disturbed (noisy) adaptive state equation of an adaptive element
ary1 = fla, zr) + ny,

Such that the undisturbed transition function is contractive and thus locally expo-

nentially stable to a point a* within an open ball By« with a rate o
Bo- = {allla —a*|| <r}
a* = f(a*, zy) VEk (2.6)

Ser1 = f(&k,ze) and & € Bor = ||Ge1 — a*|| < oF[|& — o) (2.7)

Then, if the disturbance and initial error are uniformly bounded, such that

C
Il <l =)+ =<~ (2.8)
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the perturbed system remains within By, and the adaptive element will be expo-

c
l—-a”

nentially stable to a smaller ball surrounding a* with radius

ok < k %
larsr — a*ll < a¥llay — a”) + ——

o We start with the state update equation
ap1 = flak, o) +ny,
Subtracting a* from both sides yields
ag+1 — a* = flag, ) — a* + ng
Taking norms of both sides, and using the triangle inequality yields
larsr — a™[| < [1f (an, 2x) — a®[| + [[Ink]
Using the fact that a* is a fixed point (2.6), and using the contractivity, (2.7) gives
lak+1 — a™[| < allak — a™|| + [In]
Running the recursion yields

k—1

lax —a*|l < a¥flay —a || + Y ol
=0

Using the boundedness of the disturbance (2.8), we have

k-1

lax —a”|| < a¥ar —a"| +e) o’
i=0

Then, using the sum of an infinite geometric series gives

a1 — a*|| < a*llay — a*|| +
11—«

The last concern as to accuracy is that the perturbation never took us out of the

ball, B+, in which the undisturbed system was exponentially stable, (2.7).

c
*

- — <

l|lay a||—|—1_a r
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which (though overly conservatively) yields the last condition, (2.8), in the theo-

rem. <

Example 2.3 (Including Disturbances). In this example, we consider the same
system within the same ball as in Example 2.1. However, the adaptive state equa-

tion has a disturbance in it such that it is now

2k
Ag4+1 = G — ,u2alg + ,uai + .01 COS(E)

We see that the mazximum disturbance at any step is ¢ = .01, which indicates that

the trajectory should converge to a ball of size % = '3—21. Figure 2.4 suggests
that this is indeed the case. The bottom graph compares the actual norm of the
trajectory with our bound. We see that the bound is very conservative, because we
haven’t dealt with the fact that the disturbance may be zero on average, as it is in
this case as shown in the top figure. The bound assumes a worst case disturbance

and a minimum contraction (given the assumptions) at every step, which explains

why it is much larger in the bottom graph that the actual trajectory.

2.2.3 Time Varying and Perturbed Adaptive Systems

We now extend our treatment to adaptive elements for which the optimal pro-
cessing settings change over time. This situation typically occurs when the input
signal has some sort of non-stationary property which affects what our optimal
processing is. We see that, as long as the optimal adaptive state moves slowly
enough, we can track the time variation to a specified accuracy. Furthermore, we
can control the size of the ball around the optimal locations in which we lie by
changing the decay rate of the original exponentially stable system. Theorem 3

concretely bounds the tracking error.
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Figure 2.4: An example showing the accuracy of the bound provided by theorem

2.
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Theorem 3 (Time Variation and Disturbances). Consider a disturbed (noisy)

time-varying adaptive state equation of an adaptive element
ap1 = [(k, ap, zx) + ny, (2.9)
such that the undisturbed system has a time-varying stationary point at aj,
ay, = f(k,a;,zx) Vk (2.10)

and that the undisturbed adaptive state update equation is contractive towards aj

in a tube, By:, surrounding the equilibrium trajectory aj, uniformly in time.

Bo; = {&klll€k — apll <7}

1f (K, &y r) — agll < afl§ —apll a<1 V& € By Vk (2.11)

Furthermore, suppose that the time variation is bounded uniformly
laky —axll <7 VE
and that the disturbance is uniformly bounded
||| <c VE

Then, if the time variation is slow enough and the disturbance is small enough
such that
v+

lay — af]| + 21— < 7
1—«

Then, the disturbed time varying system is exponentially stable to a tube of radius

(1 —a) Yy + ¢) surrounding the equilibrium trajectory with rate o

v+c
l—«

larsr — agall < @flar — aill +
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© We begin by adding a clever form of zero to (2.9)
a1 — Ayr = f(k, ag, z) — aj, + ng + aj, — aj 4

Using the triangle inequality, and the fact that aj is a stationary point, (2.10), we

have

larr1 — ap [l < (1 (ky aw, w) — f (R, ag, ae) | + el + llag — agy |l
Now, using the Lipschitz continuity, (2.11), we have

larsr — agpall < allar — agll + [lnxll + llag — agl

Running the recursion gives®
k-1
lagsr — ajll < @Fllar — @il + D a7 (Ilnkll + lla; — ajizall) (2.12)
i=0

Using the boundedness of the time variation and disturbances and the sum of an
infinite geometric series yields

v +c
1—«

which gives us the bound that the theorem states. We should also be certain that

the trajectory never left the ball that the contraction condition was valid in
k—1
oF|lay — at|| + Zak_’ (c+v)<r Vk
i=0
Using the sum of a finite geometric series yields

k

l—«
oo = ai] + ==

(c+v)<r VEk

which we can absolutely guarantee (and then some) if

. c+
_ - <
l|lay a1||—i-1 o<

which is the bound, (3), required by the theorem. ©

°This is a good bound if you know the exact form of the disturbance and the
exact ay,.
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Example 2.4 (Time Variation and Disturbances). Consider the following

adaptive state equation

N 21k
a1 = ap — p(ar — ay) + .03 cos(l—o)

which has both a time varying desired point, a;,, and a disturbance. We determine

that the disturbance free equation
a1 = ap — ji(ag — ay)

has a contractivity constant

o — gl — )~ |
Jax =

. = Imax

For ||p]| < 1 we have a contraction within any sized ball. Notice also that the
linearity of the update allows this same contraction no matter how large or small
our tube of interest, Bqx , is. Thus, the region of attraction includes the whole space.

For a particular aj, for exzample

. 2rk
ap = cos(m)

We can bound the rate of time variation and use Theorem 3 to bound the convergent
error. A plot showing the application of the bound in the theorem to this example
with p = .25 is provided in Figure 2.5. The top graph indicates the evolution of
the actual trajectory, ay in comparison to the desired trajectory aj, and shows the
accuracy of the bound. The lower graph is a plot of the error, |lax — a}||, and the
bound provided by the theorem. Notice that the bound is once again not particularly
tight, because our assumptions restrict us to a worst case analysis in terms of the

disturbance and time variation.
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Figure 2.5: A sample application of theorem 3 indicating the robustness of expo-

nential stability to disturbances and time variation.
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2.2.4 Deterministic Averaging Theory

Using the previous theorems, we often assumed that an exact and accurate param-
eter change was available at every step of adaptation. Oftentimes, we are not so
fortunate as to have such an accurate signal at every step. Usually, we can make
up for this by having a signal which accurately indicates the correct adaptive state
update on average over time. Many adaptive elements are derived with such an
averaging mindset. In these elements, the adaptive state function does not give
an update in exactly the correct direction, rather, an update that is in the correct

direction only on average. Specifically, these algorithms usually have the form

Qg1 = aj + [L]E(k’, ag, $k) (2.13)

where p is some small parameter, ;1 < 1, which controls the averaging. Since, for
a particular input, we commonly are speaking about stability to a certain desired

trajectory, a;, we form the error system
Qi1 = Qg + /Lf(k’, ag, .Tk) + az — a};H (2.14)

where ay = a, — aj, f(k,ar, vx) = f(k,a;g + ay,xy), and p is a small parameter
upon whose size the averaging depends. We performed this change of variables
because we want to study the boundedness of the error a; between our desired
trajectory a; and our actual trajectory aj. Deterministic averaging theory relates

with (2.14) the following averaged system
A1 = Qg + [ fan(Ar) + aj, — Ay (2.15)

whose averaged update function is defined as
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whose existence is one of our assumptions. Theorem 4 deals with the accuracy of
the averaged approximation over a finite time period, {1, ..., %} While Theorem 5

will deal with the accuracy of the approximation over an infinite amount of time.

Theorem 4 (Finite Time Deterministic Averaging: [3],[9],[10]). Consider
the adaptive element with adaptive state equation given by (2.13), error system
given by (2.14), and averaged system given by (2.15). Assume that the desired

trajectory changes slowly enough that
lai o —aill <c ke {L..T/u)

We assume that p is small enough such that the adaptive state error, ||ag|| = ||ax —
arll, is less than h during this time period. Given that & € By(h) = {&|||&kll < b},

we also assume that the adaptive state equation’s update is bounded
If(k, &, z1)|| < By V€€ By(h) Vk

Naturally, we will also need to characterize in some manner the adaptive state
equation’s deviation from its average. Since we are more likely to be able to char-
acterize this behavior in a temporally averaged fashion, we introduce the following

function

Mw

p(k,§) = (1, &, 7:) = fau(€))

=1

and assume that it has the following properties

Ip(k, 1) — pk, &)1l < Lypll§r — &l V&1, &2, € Bo(h)
Ip(k, ap)|| < By (2.16)

Furthermore, we assume that the averaged system s locally Lipschitz continuous

| faw(§1) = fau(§2) | S Afll1 — &l V€1, & € Bo(h)
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and that the averaged system is uniformly contractive to the desired trajectory
12+ faw(@)]| < allal va e By(h)

Also assume that the time variation and the initial error are small enough such
that

c -
lan] + 7=+ €¥" (llas — @l + u(By + Lyh + LpByT)) < h
If all of these assumptions are true, then we have
law — al| < eV (lag — @il + (B, + Lyh + L,BfT))  Vk € {1,...,T/u}

¢ Defining the averaging error, A, = a, — ag, we can begin by subtracting

(2.14) and (2.15) to get
Apsr = Ap + 1 (f(k, ap, zx) = fao(ar))
Running this recursion back in time gives
k
Ay = Ar+ 0y (fi @, 75) = fan(@s)
i=1
Adding a clever form of zero gives

Ak - A1 + MZ (f(l7 dia xz) - fav(ai) + fav(ai) - fav(ai)) (217)

=1

Now, recalling our assumptions, we notice that we can write for k > 2

()~ plk — 1,6) = 3 (F,6.2) — ful€)) — Y (16 6:2) — Fl)

which will be true for any £. Subtracting the two sums shows that for k£ > 2
p(k7 dk) - p(k - 17 ak) = f(ka dkka) - fav(dk)

from which we can build the elements of (2.17)

Ak—l—l = A1 + N’Zfzz (p(’i, &1) - p(i - 17 dl) + fav(di) - fav(ai)) + HP(L &1)

+p (fav(al) - ftw(c_“))
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Rewriting the sums

Ak-‘rl - A1 +qup(2, az) - sz(l - 17 dl) +MZ (fav(di) - fav(di)) +MP(L dl)

1=2 1=2 =1

and a change of indices of summation yields
A= Ar+p Z?:z p(i,a;) — p Zf:_llp(i, Aiv1) + p Z§:1 (fao(@i) = fav(@i))
+up(1,a1) — pp(1, a2)
Recombining the sums
Appr = A1+ p Y0, (i, a:) — pli, i) + pp(k, ar)
300 (fau(@) = far(@) + up(1, @) — pp(1, o)
and using the triangle inequality and the Lipschitz continuity of the averaged

system yields

k—1 k
1Ak < A+ Y PG aisn) = p( @)+ Al — @l + ullp(k, )|
i=1 1=1

Our assumption about the Lipschitz continuity of the total perturbation and its

boundedness at zero error allows us to bound the last term in the sum with
Ip(k; ax)ll < [lp(k, 0)|| + [Ip(k, ax) — p(k,0)|| < B, + Lyh

Substituting in the new bound gives

k—1

1Akl < A+ Y~ (Lplldsss = @all + Aglla = @l)) + w(B, + Lyh)
i=1
Using (2.14), we have
k—1
1Akl < A4 (Lpllpef (0@ i) + aj, = afa || + Agllas — all) +p(By+Lyh)
i=1

and our assumptions about the boundedness of f and the time variation give

k—1
1Akl S WA+ 1) (1L By + A Al + ) + u(By + Lyh)

i=1
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Rearranging
k—1
1Akl < AL+ B2 Ly Bk + pck + phs > Al + p(By + Lyh)
i=1

and using the fact that we are dealing with a fixed amount of time, we have:

k—1
|kl < AL + (B, + Lyh + LyByT) + T 4 jdy SNIAN k€ {1, T/u)

i=1

Applying the discrete Bellman Gronwell identity®, we have
1Akl < (L4 pAp)* (1A + po(By + Lph + Ly ByT) + cT)

Recalling the Taylor series for the exponential, and that e®® > (14 z)* V2 > 0, we
can write

1Akl < e (Al + By + Lyh + Ly ByT) + cT)

Once again dealing with the fact that we are considering a finite amount of time

we come to our final bound
[Ausall < T (180 + (B, + Ly + LB/T) +cT) ¥k € {1,... T/}

This indicates that if we start the averaged system and the unaveraged system at
the same location, and if we require the time variation to be slow enough such that
¢ = O(p), we can adjust the maximum deviation of the unaveraged system from
the averaged system using linear changes in p. The last step in our argument is to
verify that we never left the balls in which our assumptions were valid. Using the

triangle inequality, we see that

larll < flarll + [| Al

6See appendix C.
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and, since we had continuity of the averaged system
Gkl < allae]] + ok, — agl

Running the recursion yields

k—1

laxll < a*flaoll + Y o*llai, — o
=0

And the sum of an infinite geometric series yields

Cc
1—

a1l < a*flaoll +
Thus, if
C
laoll + 37—+ M (|| Aol| + u(By + Lyh + L,B;T) + ¢T) < h

we never leave the ball within which we assumed we stayed. ¢

We now consider an example application of the finite time deterministic averag-
ing theorem that highlights the correctness and tightness of the bound. Notice that
since we have included the information that our disturbance is not only bounded,
but also has average zero, our bounds become tighter. On a quantitative level, this
is not a feature of the theorem which matters much, since many of the constants
needed to obtain such a bound will not be easily calculated in practice.” Rather,
this theorem is better for its qualitative bounding information; namely, that as
long as the time variation and the contraction constants are O(u), you can make
the averaging error over a finite time window arbitrarily small by shrinking the step

size, j1, to an appropriate level. The requirement that o and ¢ be O(pu), is a subtle

"Usually, we only know properties of the adaptive state functions, such as dif-
ferentiability, which guarantee the existence of a Lipschitz constant. Even if we
know the exact analytical form of the adaptive state function, finding Lipschitz
constants analytically is typically fairly difficult.
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nuance of the theorem, since our notation does not emphasize their dependence on

L.

Example 2.5 (Finite Time Averaging). Consider the following adaptive state

~ ~ (~ 2)3 21k 2 1 2k
= qay — —.2)"cos | — cos
ar = a — pak 10 1% 10

we see that we have an unaveraged update function

f(k,ax) = — (ax — .2)° cos (@)2 + cos (@)

which has a corresponding averaged function

equation

fanln) = = (@ — 2

Consider the region of interest to be [—.2, .6], within this region, the averaged system

has a Lipschitz constant

afav 3 2
Ap = = —=(a—.2)°|| =.24
f aer[riagq 6 || Oa aerﬁa%.ﬁ] 2 ( )
Furthermore, the total perturbation
k
p(k,a) = Z[f(za a) = fav(a)]
i=1
has a Lipschitz constant
Ly = mievaci g |, 20 -
< MaXpeN ac|-.2,.6] 3(&— 2)? ’ZZ 1cos - 1cos = 0.3142

and 1s bounded such that

p(k,ay) < max

Zcos '|—21180—B
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Figure 2.6: A sample application of the finite time averaging theorem.

Furthermore, we see that in our region of interest, the unaveraged function is
bounded by

2rk 2rk
— (4, — .2)° COS(L) + COS(L>H < 1.640

By = max
10 10

k,a€[—.2,.6]

We apply these numerical results in Figure 2.6 to indicate that the bound offered

by Theorem /4 does indeed hold. For this figure, ;= .0001.

Theorem 5 (Hovering Theorem: [10], [3]). We now wish to extend our results
from the previous section in order to bound the difference between the averaged and

un-averaged systems over an infinitely long time window. To extend our results,
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though, we need to place a few more restrictions on the system. First of all, we
require that the averaged system, (2.15), be Lipschitz continuous with a constant «

less than one. Thus,

Hgl + Hfav(fl) - 52 - ,ufav(gQ)H S Oé“é-l - 62” v£17£2 € BO(ha)

We also require that the fized points of the map mowve sufficiently slowly, such that
laky —axll < ¢ Vk

which will give us local exponential stability of the averaged algorithm. Further-

more, we define a windowed total perturbation

nT/u+k

pnT/u(ka 5) = Z [f(%éa xz) - fav(g)]

=nT/p
which we assume is uniformly Lipschitz continuous and bounded ¥k € {1,...,T/u}

such that

P07 /0 (K 61) — Doryu(K, &) S Mpllén — & Vi, & € Bo(ha)

Then, if we require

- c 2 —alln
ha 2 l|a1||+1—a+1—ozT/“

(cT + (B, + Lyh + L,BsT)) eM? (2.18)

the difference between the averaged system’s trajectory and the unaveraged system’s
trajectory is bounded by

D ———

[0
m (CT —+ /,I,(Bp + Lph + LprT)) eAfT

@ — arl| <

Thus, the error from the desired trajectory in the unaveraged system is bounded by

92— oI/
k|| < a¥fan || + —— +
l—a 1—af/n

T + u(By, + Lyh + L,B;T)) M
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o First of all, the conditions we placed on the averaged equation made it expo-

nentially stable (see theorem 1), such that

C

1—

laks1 — aill < olao]l + (2.19)

The concept for this proof, taken from [10], is to divide the time axis up into in-
tervals of length T'/p, and let anr/pp, b € {nT/pu,nT/p+1,...,(n+1)T/u} be a
solution to the averaged system on the nth interval. Furthermore, let a1/, 7/, =
a, T/, so that at the begining of each interval, the interval averaged trajectories
start with unaveraged system’s value. Also, since the averaged system is exponen-

tially stable, we have

||anT/u - C_L(n—l)T/u,nT/uH < a||anT/u—1 - a(n—l)T/u,nT/u—lH
Stepping back through time we have

Tk |a

@t = Gn—ryr/unr/ull < DT/~ Un—1)T/us(n—1)T /e |

And since we initialized the interval averaged trajectory with the state of the

unaveraged error system, we have

lant/u = Ggnryrypmrsell < & am-1yr/u = Gm-ryryul

Using the fact above and the triangle inequality gives

||anT/u - dnT/u” S ”(_lnT/p - C_L(n—l)T/u,nT/uH + ||C_L(n—1)T/u,nT/u - dnTH

We recognize the term on the end as what we bounded with our theorem 4 (notice
we have changed our requirements on the total perturbation ever so slightly so we

can still use the finite time result). Replacing this term yields

1@t/ — Gl < @M @n—1yr /0 — Anryryull + (€T + By + Lyh + L,BsT)) eMT
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Running through the recursion in n and using the sum of an infinite geometric

series gives

(T + p(By + Lyh + L,BfT)) eM™
1 —al/n

||a'nT/u - dTLT/M“ < (220)

which bounds the error between the desired and actual trajectories at times nT'/ .
Of course, we wish to bound this error at all times. Thus, we are interested
in relating the bound on the error at these time instants to the error at other

time instants. Without loss of generality choose n so that we can consider k €

{nT/p,nT/u+1,--- (n+ 1)T/u}.
lar, — axll < [|ax — @nrypkll + la@nr/ur — axll (2.21)

Now, we note that the second term on the right hand side is bounded by Theorem

4. Thus, our attention turns the the first term on the right hand side. We have

Hdk . C_lnT/,u,k — H&kfl + Hfav(akfl) — (C_lnT/“,k—l + Mfav(dnT/,LL,k—l)) H
< all@g-1 — Anr/p -1l

Reapplying this logic several times yields

Hak - anT/#,k” = OékinT/uHanT/u - dnT/#,nT/uH

Because a < 1, we see that over the interval k € {nT/pu,nT/p+1,--- , (n+1)T/u}

the largest the term on the right term will be for k = nT'/u. Thus, we have

(cT + w(By + Lyh + L,BsT)) eM™
1 —aT/w

lar — @nrypel <

Returning to (2.21), we have

(¢T+u(Bp+Lyph+Ly By T))e T
1—aT/n

+eMT (u(By + Lyh + L,BfT) + cT)

|ar — | <
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which, after collecting terms, becomes

2 _OéT/N

m (CT -+ LL(Bp + Lph + LprT)) €>\fT

l|ax — axll <

Using (2.20) and (2.19) via the triangle inequality gives

2 — oT/w
k]| < @Mfan || + —— +
l—a 1—af/w

T + (B, + Lyh + L,BT)) eMT (2.22)

which is our desired bound. We must make sure we remained within the region

that our assumptions were valid. For this to be true, we need
ar € Bo(ha) = |lax|| < ha

which, using (2.22), can be guaranteed if

c 2 —al/n

ha > |
z ol =5+ =

(T + u(By + Lyh + L,BsT)) eM*

which is the condition, (2.18), required by the theorem. ¢

As it was important for the finite time averaging theorem, it is also important
to note that there is a hidden possible dependance of o and ¢ on p, and thus, one
should stipulate conditions on this dependance if one wishes to draw qualitative
conclusions about the implications of this theorem. As we have done in the past,
we now include the following example to highlight the conditions and implications

of the theorem.

Example 2.6 (Infinite Averaging with Time Variation). Consider the sys-

tem

. . . 2mk 2k, 21k
g1 = ap — p | ax — .1C08(m) COS(T) + ucos(ﬁ)

and its corresponding error system

. - - 2k 2k 2k 2n(k+1)
=y — ik P ekl VIR | " Y- 1 il S
@i = Gy — pi,cos( 10 ) pucos( 10 ) COS(lOOOOOO) cos{ 1000000 )
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and averaged system

2k 2n(k+1)

———) — .lcos(——7)
1000000 1000000

Q41 = ag — g&k + .1 cos(

Define the region of interest to be [—.5,.5]. We can then deduce that A\ = 1/2,

and
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k

by = mps 511 3 con( )

Furthermore, we note that By = 1.5. Figure 2.7 shows the bound that Theorem 5
provides for this example, optimized over T to make the bound on the averaging for
the chosen p be as small as possible. We see that the unaveraged system follows the
averaged system closely for this i, and that both of them track the time-variation.
It is important to note that the time variation is very slow in this example, so that
the i can be small enough to make the averaging error tiny, and yet still large

enough to track the time variations.

The Hovering theorem is a powerful theorem to use for adaptive elements. It
indicates that, under a few sufficient conditions, we can design adaptive elements
by using state equations which update in the correct direction only on average.
This is, in fact, the way that most adaptive devices are designed, since exact
solutions for the optimal settings for future inputs may be impossible to determine
from a small amount of noisy current data. Instead, we typically find an ”error
signal” which only on average indicates the inaccuracy of our current parameter
settings and use this to adapt our system. It should be noted that this theorem,
like Theorem 8 is rarely applied in a quantitative manner, as we have done in the
example, because in most applications it is easy to prove the Lipschitz constants
exist, but they are difficult to calculate. However, this does not matter too much,

since the major implications of the theorem are qualitative ones. Specifically, the
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Evolution with Averaging and Time Variation
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Figure 2.7: An example application of the hovering theorem, showing averaging
applied to a time varying system. The unaveraged system hovers closely around
the averaged system, which is tracking the time variation, and we see that the

bounds are accurate, and fairly tight towards the end of this example.
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important meaning of the theorem is that if we design an adaptive element with
a state equation which is contractive only on average to a stationary point of
interest, for a class of inputs such that the contraction constant and time variation
are O(p), we can make the adaptive element behave close to its averaged behavior

by shrinking the step size.

2.3 Examples of Adaptive Devices Found in Digital Re-

ceivers

One arena in modern engineering that has reaped many of the benefits of simple
adaptive devices lies within the physical layer of digital receivers. We include here
many examples of adaptive devices found in the single carrier regime of digital
receiver types. The inclusion is motivated by our discussion in later chapters about
the interaction between different types of adaptive algorithms found in digital
receivers. This arena seems to be one filled with interesting possible applications
of a theory of interactions between adaptive devices, and, since we are interested in
establishing the basis of such a theory, we will include a wide range of fundamental
algorithms, including those we wish to study here. Because we will be interested
in the interactions between different receiver subsystems, for many of the adaptive
elements we list the averaged adaptive state functions® which include parameters
from other adaptive elements. Since receiver devices are typically analyzed under
the assumptions that other devices are behaving in an ideal manner, the calculation
of these sensitivity functions has often not been carried out in the past. Hence, we
include our derivations for the sensitivity functions we list in Tables 2.1 through

2.4 in Appendix A.

8We shall call these "sensitivity functions” from now on.
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To classify the inputs and algorithms of interest to us, we begin by deriving a
model for a received PAM signal subjected to a channel with time-varying mul-
tipath distortion and additive noise. In a typical PAM transmission system, the

signal that the transmitter transmits is

s(t) = Re{ (2 eyt +0:(0) Zakp (t—kT) } (2.23)

k

The received signal at passband is

Z s(t —7i(t)) + n(t) (2.24)

=1

After rough analog downconversion we have
r(t) = Ipf {e I Crlertt0r iy (1)} (2.25)
Assuming the Ipf passes the signal component and attenuates the noise,

Z ay Z 277 (fer = Fer 427 foy i () +0: (t—7i (1)) — er(t))p(t — T — kT) + ﬁ(t)
(2.26)
where n(t) = Ipf {n(t)e?>™fer 0} Defining f. = f., — fe, and 6(t) = 27 f.,7:(t) +

0,(t — 7;(t)) — 0,(t) for compactness, we have

Z ay Z (t)e! Gt 0Ot — 7 — KT) + 7(t) (2.27)
After sampling the signal, we have
Q
Z ar Z ci(mT,)ed BrIelemT0mT) (g — INT — 7)) + Ty, (2.28)
=1

which is the digital received signal that the receiver must process in such a way as

to recover the original transmitted symbols, ay.
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2.3.1 Automatic Gain Control

In order to keep the dynamic range of the digital quantization fully used, digital
receivers often use a gain control to keep the power at the input analog to digital
convertor to be roughly a constant. These gain controls can be thought of as adap-
tive devices, and one gradient update we might consider, [11], for their operation
1S

g1 = gx — pic (grat — d) sign[gy] (2:29)

2.3.2 Carrier Recovery

Due to the unknown delay between the transmitter and the receiver, and the phase
difference between their carrier oscillators, receivers often employ some sort of
adaptive carrier synchronization. The phase estimates can be formed in a number
of adaptive ways (see, e.g., [11] or [12]), and some possible error functions for a

recursive adaptive estimator are shown in Table 2.1.

2.3.3 Timing Recovery

The unknown delay between the transmitter and the receiver along with the oscil-
lator inaccuracies also induces a baud timing offset. Digital receivers often use an
adaptive algorithm to recursively estimate and track this timing offset [11], [12].
A wide variety of timing algorithms have been proposed over the years, and a few

of them are listed in Table 2.2.



Table 2.1: Error Detectors for Carrier Phase Recovery and their Sensitivities

Name

Update

Sensitivity

PLL [12]

Im {deke_jek }

9eElaf?] [z g1k, ]| sin ( Zhe gk, ] - )

Low SNR ML BPSK [12]

Re {xke_jék} Im {xke_jék}

Low SNR ML M-PSK [12]

M2
m=0

o] [ e

Fourth Power [13]

tn { (e )}

Efa®) 32, b gl mll sin (£ 52, bl m] + ZE [a?] -

A

)

41
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2.3.4 Equalization

In digital radio systems, (possibly time varying) multipath propagation linearly
distorts the received signal. In order to mitigate the effects of multipath, and
still have low complexity, digital receivers often employ linear equalizers. These
equalizers are one of the most familiar forms of an adaptive signal processing

algorithm. A list of a few adaptive equalization algorithms is shown in Table 2.4.



Table 2.2: Timing Error Detectors for Bandpass Signals.

Name Update
ML-Based [12] Re{a;(y%k7’+7¢yfﬁ%-—}jﬁiﬁ_Damh/«k-nwzv)}

Zero Crossing [12]

Re { (@5 —a;) y(kT —T/2 + %kfl)e—jék}

Early Late [12]

Re {aje 7% [y(kT + T/2 + ) — y(bT — T/2 + 71|}

Muell. & Muell. [14]

e i+ 20—~ < )

M-Nonlin. [12]

ly(KT + 7) | —*Re {y* (KT + 7.)y' (KT + 71,) }

M-Nonlin. Numer. [11]

ly(kT + 7)Y (|y (KT + 7 4 6)| — [y(KT + 71, — 0)])

NDA-Early Late [12]

Re{y* (kT + 7)) [y(kT + T/2 4+ 7)) —y(kT — T/2 + 7x_1)]}

Gardner [15]

Re{[y(KT =T + 7p—1) — y(KT + 70)] y* (KT = T/2 + 74_1) }

Bandedge [16]

befy, g (KT + 7)"bpfy., 3 WIKT + 7i)

i



Table 2.3: Sensitivities of Timing Error Detectors for Bandpass Signals.

Name

Sensitivity

Zero Crossing [12]

gre P E o] S0 S8 (k=1 — DT+ 71)

[p((% =T + Tj—1 — ) —p((—% =T + 71 — Tz)] Jik

Early Late [12]

gke—jékEHaP] < ZZ Gk =1+ 1)T—|—Tk) (( — 0T + 7% — 7)) fir

-3k z”cx( — 1= DT+ A)pl(—} = DT + Fir = 7))

Muell. & Muell. [14]

f]ke’je’“E[laP] S el (k = DT + 7)p((1 = DT + 71 — 73) fu

—Qkfle_jék_lEHa‘Q] 21 1G((k=1=0DT 4+ 7u1)p((=1 = )T + 751 — 73) fre—

Re

2-Nonlin. [11]

|gk|2 [|an|?] >on Re{h [k, n]dh, ¢k, n}+a

¥



Table 2.4: Cost Functions and Update Terms for Various Equalizers.

Name

Cost Function

Update

LMS [11]

E “dk_(g — I'kf|2]

(ci*,;f(g — r;-ff) r}

Zero Forcing [17]

(do—s — rif)di_, 5

Sato [18] (r[f — acsgn(r(f)) r;
CMA [19], [20] | E[(y — [raf[?)’] ek £ (y — e £1P) ity
BGR [21] (Br(dy, — x{f) + Bo(r]f — acsgn(rif)) rj

9%



Table 2.5: Sensitivities for Various Equalizers.

Name Sensitivity Function

Obme=mE[al2) ik — m, k — 6] — S5 Gk

LMS [11] "
eI Ok-m=0k-0 5™ E[|a?|ht[k — m,nlhs[k — Lnlfi + 300 Elvp_ vk f

Zero Forcing [17] Ef|a|?] <(5[m] SN bk =ik —m— 5])

i T 2y 2oy (001 = maE[lal*] + (1 = d[ny — no])(Eflal?])?)
Eflal?] 32, 2= , . .
h*[k . ] Zil Zig ZZ-?) fi1fi2 :;h[k? — 11, nl]h*[k: — 13, nl]h[k — 19, ng]h*[k} — m, TLQ]
Godard/CMA [19], [20] | v . ’]f _ +23, Ellal] S, 3o [ i P FuEloPhlk — ig, mi] R [k — m, ny)
o +2 32, Ellal] fremEllve-ml®] 325, 224, fio fishlk — 2, n]h[k — i, n]
+me[|Uk—m|2] . .
) 0 + 32 il fon (08 = mlE[|vl*] + (1 = 0[i — m])(E[fvi|*])?)
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Chapter 3
Binary Adaptive Compounds:

Combining and Configuring Two

Adaptive Blocks

In this chapter, we consider the possibility of connecting two adaptive elements
together into a binary adaptive compound (BAC) from an engineering mindset.
We explore possible reasons for doing such a thing, as well as discuss practical
methods which lead to the design of distributed adaptive compounds. Then, we
consider some possible ways to connect two adaptive signal processing elements

together, and select one - a series connection - to focus on for the rest of the thesis.

3.1 Why might we combine two adaptive elements?

Oftentimes in engineering we are faced with problems that require adaptivity,
but can not be solved with only one adaptive element. There are a multitude of
situations which dictate a distributed adaptive structure. Sometimes distributed
adaptation is given to us by nature. As we discussed in the introduction, the
economy and our own brains can be view as distributed adaptive systems. In
the case of the economy, the different adaptive elements are the businesses and
individuals who interact to make the larger economic system. Our brains could
be viewed as adaptive systems, where the separation of the adaptive elements
indicated separation of different parts or functions of the brain.

Returning to an engineering perspective, perhaps the most common factor invit-

48



49

ing distributed adaptation occurs when implementation simplicity or physical con-
straints, such as the physical separation of a transmitter and a receiver, dictate
a distributed structure. In such a situation not all of the transmitter parameters
may be known to the receiver, and the transmitter and receiver sit on opposite
sides of a channel with uncertainty, forcing each side to be possibly engineered
to infer something about the other. Another possible reason for using distributed
adaptation occurs when we have multiple optimizations that we wish to perform
that depend on how well the other optimizations are doing. One way to perform
these optimizations is to come up with a scheme where separate adaptive elements
work together to assure that the different optimizations are achieved. In such sit-
uations, for example power control for cellular telephones, a distributed structure
may perform this optimization more efficiently that a situation with a central au-
thority controlling the optimization. Specific instances of distributed adaptation
occur in digital receivers, in traffic control, and in neural processing, to name a
few. In still other cases, the multiple adaptation is a relic of our method of solu-
tion of the overall design problem. That is, we went about making the design by
dividing the overall problem up into sub-problems, and then designing an adaptive
element for each problem. This is a technique that can be likened to a problem
solving strategy known as "divide and conquer,” and we wish to characterize it

and express what it means for the engineering of adaptive systems.

3.1.1 The Divide and Conquer Mindset: General Descrip-
tion

Design engineers are often faced with gargantuan tasks. Today’s electronic and

computing devices have become so complex that it is hard to imagine how such



50

a complex device was ever even planned, let alone implemented. One technique
that practicing engineers, as well as practical people, use to tackle complex tasks
is the divide and conquer method. A very difficult task is split into a number
of sub-tasks, which may be easier to handle if dealt with independently of the
other sub-tasks. In engineering problems, this often translates into the assump-
tion that all of the other sub-tasks have been solved perfectly when designing the
solution to a particular sub-task. In the context of adaptive systems, we define the
notion of design by divide and conquer to mean the selection of several intercon-
nected adaptive elements performing different tasks, each of which we guarantee
to operate correctly, if all of the other devices upon which they depend are oper-
ating perfectly. Naturally, a cautious engineer wishes to determine whether or not
such a strategy leads to devices that work properly after connecting the adaptive
elements together especially if none are initialized at their perfect operating set-
tings. Evidence that such a study is a worthwhile effort is provided in Appendix
B where we have taken excerpts from the digital receiver literature which discuss
the interaction of adaptive receiver components which have been designed inde-
pendently of one another. We can see from these quotes that, while recognition
of the interaction of the adaptive elements is cited as a problem, there is virtually
no basic general theory which is used to discuss and deal with this interaction.
Each specific interconnection of adaptive elements found in a receiver has its own
associated folklore of design tips and warnings. We will begin to fill this void by
characterizing the behavior of interconnected adaptive elements within a stability
theory context for a particular two element case in this thesis, but, first, we need
to consider the possible ways of interconnecting the adaptive elements designed by

divide and conquer.
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3.2 How might we combine two Adaptive Elements?

There are quite a few ways we can imagine we might hook two adaptive signal pro-
cessing elements together. Restricting our attention to combinations that process
single (or single bundles of) input signals to create a single (or single bundles of)
output signals we can come up with at least four ways to combine two adaptive
elements, which are shown in Figures 3.1, 3.2, 3.3, and 3.4.

One possibility is to process the signal input into the compound first by one
element, then process the output of the first element with the second element, as
shown in Figure 3.1. We refer to this connection as a Series Feed-forward Binary
Adaptive Compound, or SFFBAC. This is perhaps one of the simplest ways of
hooking the two devices together one can imagine, and, other than to note the
possibility and existence of some other structures, we focus entirely upon this
SFFBAC configuration for the rest of the thesis.

Another possibility is to still feed the output of the first element into the input
of the second element, but to also allow the first element to adapt from the second
element’s output. This configuration is referred to as a Series Feed-back Binary
Adaptive Compound, and can be see in Figure 3.2. This configuration can be
commonly found, among elsewhere, in digital QAM communications receivers,
where, for example, the carrier recovery loop can sit inside the adaptive equalizer’s
adjustment loop. While we will not focus on this type of structure in the current
thesis, we hope to include it as part of a future research effort.

Forgoing a serial processing based structure, we could consider structures in
which the input signal is processed separately in parallel by both adaptive elements,
and then their outputs in combined in some sort of meaningful way. One possibility

is then to adapt each of the two adaptive elements only based on their own inputs,
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Figure 3.1: Two adaptive devices connected in series feed-forward form.
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Figure 3.2: Two adaptive devices connected in series feed-back form.

and we refer to such a structure as a Parallel Combining Feed-forward Binary
Adaptive Compound. Other than to mention the possibility of connecting two
adaptive devices in this way, and to provide Figure 3.3, we do not provide any
attention to this possibility in this thesis. Exploring its operation is a possibility
to be mentioned in the Future Work section.

The last way mentioned here of connecting two adaptive elements together to
process one signal that we consider is diagrammed in Figure 3.4. In this situation,
we adapt the two elements independently on the same input signal, but also allow
each of the elements to use the output of the combiner to adapt as well. Because
it feeds-back the output signal, we refer to this structure as a Parallel Combining
Feed-back Binary Adaptive Compound. It too is a possible avenue for further

research.
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Figure 3.3: Two adaptive devices connected in parallel combining feed-forward

form.
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Figure 3.4: Two adaptive devices connected in parallel combining feed-back form.



54

3.3 Divide and Conquer: What does it mean for different

binary structures?

Continuing our discussion of binary adaptive compounds from an engineering
mindset, the next logical step after considering the different physical ways to inter-
connect the two adaptive elements, and selecting one for our focus, is to consider
whether or not such a connection will create a device which processes the input
to the binary adaptive compound in the desired way. In this section, we intro-
duce a set of specific guidelines for designing series feedforward binary adaptive
compounds which we will call the divide and conquer conditions. Note that a sig-
nificant further narrowing of our focus has occurred here, since we could consider
at least four ways to connect the two adaptive elements into a BAC, and now
we are only investigating one. With this narrowing of focus, however, comes the
ability to increase our mathematical rigor. In the next chapter we will develop a
rigorous theory that show that the DaC conditions given for SFFBACs can lead
to systems that ”work”, where we continue to specify what it means for a system
to work within the context of dynamical systems and stability and boundedness
to desired state and output trajectories. When we are done, we will have a set of
conditions and a handful of theorems which we can use to guide study and design

of SFFBACs, as well as larger feedforward adaptive systems.

3.3.1 Combined performance of desired points

Recall that when we characterized the behavior of an adaptive element in Chapter
2, we discussed the behavior of adaptive signal processing elements. In that chap-

ter, we stipulated that, given a particular input, we design the adaptive subsystem
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to be locally stable (or uniformly bounded) relative to a point in the adaptive
state space which, when given together with the input to the processing system,
produced a desirable output. Similarly, when we combine two adaptive elements
into a binary adaptive compound, we are interested in them both being locally
stable to (or uniformly bounded relative to) points in their state spaces which
produce an overall desired output. Thus, the very first item to consider when
connecting two adaptive elements together is the overall performance (if such a
measure exists) of the output of the system when the two adaptive elements are at
their ”desired” points. If the desired points do not correspond to a desired overall
output, then either the algorithms must be modified, or different algorithms must
be chosen. Thus, we begin our discussion here by assuming that two adaptive
elements have been chosen that have ”desired” points such that when fixed at the
”desired” points and hooked together in the fashion (i.e. SFFBAC) that we are
investigating, they produce a desired output. Once this is true, given a continu-
ous performance measure for the overall system, the remaining questions involve
stability and boundedness of the combined system to the desired points, and these
are the questions which we will address in the next chapter. First, we collect the
idea just mentioned with other rules for connecting two adaptive elements into a

SFFBAC in a list which offers qualitative conditions to check when designing a

SFFBAC.

3.3.2 What does DaC mean for Series Feedforward Struc-

tures?

We now introduce qualitative sufficient conditions for designing a series feed-

forward binary adaptive compound using two independently designed adaptive
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elements. While these conditions are not always necessary, their sufficiency guar-
antees that, as long as we obey them, our SFFBAC will behave properly. We will
prove this quantitatively and rigorously in the next chapter, but first, we list the
qualitative conditions.

The Divide and Conquer Conditions. Consider two adaptive elements to
be connected together to form a Series Feed-forward binary adaptive compound
(SFFBAC), as shown in Figure 3.1. For the possible inputs of interest, we require

the following conditions.

Condition 1 (Optimal Desired Trajectories). If their adaptive state is locked
onto their desired trajectory, the two adaptive elements produce an overall output

which is desirable.

Condition 2 (Continuous Performance). The system has an overall perfor-
mance measure, whose value will be used to judge how well the entire system s
performing. If such a measure exists, the adaptive compound should be continuous

with respect to the adaptive state parameters of the two elements.

Condition 3 (Contractivity of First Element). The adaptive element to ap-
pear first in the SFFBAC must be (at least on average), locally contractive to the

desired trajectory.

Condition 4 (Contractivity of Second Element). The adaptive element to
appear second in the SFFBAC must be (at least on average), locally contractive to

its desired trajectory when the first element is fized at its desired trajectory.

Condition 5 (Sufficient Continuity). The second element’s adaptive state equa-
tion is (at least on average) continuous with respect to the first elements adaptive

state coupled through the first elements input-output equation.
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Condition 6 (Small Perturbations). The time variations must be slow enough,
the disturbances small enough, the step sizes (if the elements are of the averaging
form) small enough, and the initializations accurate enough (ie close enough to the

desired points).

We will prove in the next chapter that, if these sufficient conditions are satis-
fied, then the SFFBAC will be locally exponentially stable to a ball of finite size
surrounding the desired points. This local stability implies that, if the performance
is Lipschitz continuous with respect to the two adaptive elements’ states, then we
will be "close” to the desired performance. That being said, we drop the notion
of an overall system performance from now on, since asking for performance close
to the desired performance (=performance at stationary points), is the same as
asking for adaptive states close to the desired adaptive states for the cases which
the DaC conditions consider. Thus, from this point on in the thesis, it is assumed
that Conditions 2 and 1 are true. The remainder of this thesis is dedicated to first
making the remaining conditions quantitatively rigorous, and then applying them

to an example SFFBAC found in communications systems.



Chapter 4
Designing Series Feedforward DASPs

with DaC

In the previous chapter, we outlined a set of qualitative guidelines for connecting
two adaptive elements together to form a SFFBAC. In this chapter, we set about
making these guidelines mathematically concrete by providing in sections 4.1.1-
4.1.4 the necessary theorems for local exponential stability and boundedness for
our adaptive elements. We include examples after each theorem to indicate their
quantitative accuracy, as well as highlight their qualitative importance.

After we are done showing how to make an SFFBAC behave well, we provide
section 4.2, which gives conditions under which we can expect it to misbehave by
not tracking the desired states. This can be of use when designing a SFFBAC,
because it indicates the possible failure modes of the system.

The material in this chapter will provide the theoretical basis for the material in
Chapter 5, which examines some examples of SFFBACs found in communications
systems, and we show how the theorems can be used to both characterize their

behavior and misbehavior.

4.1 Analytical Behavior Characterization

We now begin our development of an analytical theory of the behavior of SFFBACs.
Each of our theorems will parallel a similar theorem from the single algorithm case,
and we will see that, while the math and conditions become a great deal more te-

dious, the SFFBAC case is much like the single algorithm case for most of the

o8
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Table 4.1: Requirements on the accuracy of initialization to guarantee exponential

stability of the SFFBAC. The critical 8 = f3. is defined in (4.1).

aaﬁ km = I, <
In iﬁéii *%W okm — ghm
wrs | ) Y R a_f)
a=[0<p. 1 ﬁkm\|b1—b*|]+kmﬁkaa1 —a*|
—[[b1—b* * - .
a=8>0| Bl R by — 5 + BB |ay — af|

theorems. We will highlight the connections between the quantatative assump-
tions provided here and their qualitative counterparts provided by the divide and
conquer conditions. We begin by developing a theorem similar to Theorem 1 for a

non-disturbed and non-time-varying SFFBAC.

4.1.1 Deterministic Analysis Fixed Regime

Theorem 6 (SFFBACs designed with DaC). Consider two adaptive elements

connected in series feedforward form, as depicted in Figure 3.1
arr1 = falag, vx)

Yk = ga(ak, Tp)
bir1 = fo(br, yx) = fo(br, ga(ar, T1))

Suppose that the first element has an adaptive state equation that is contractive

towards a* in its first argument with constant o < 1 (Condition 3)
a* = f(a*,z) VEk

Bo = {&|lI§ — a”[| <7a}

| fa(&xr) — fala,xp)|| < | —a®|| a<1 Vk V€ B,
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Also suppose that the second device has been designed in such a way that it is
exponentially stable to b*, by guaranteeing contractivity with constant 5 < 1 within

a ball By as long as the first element is at its stationary point (Condition 4)
b* = f,(b*, g(a*, z)) vk
By = {¢[ll§ = 07|l <}

1/6(€, g(a®, z1)) — fo(b", g(a™, mp))|| < BIE =0 B<1 VE€ By Vk

Also suppose that the second element’s update equation coupled with the first el-
ement’s input output equation is Lipschitz continuous in aj (Condition 5), such

that
1£6(0, gal&rs k) = folb, ga(&2r 2a))|| < x[|&1 = &l Vb€ By &1,&5 € B
Suppose the initializations are accurate enough (Condition 6), such that they satisfy
lay = ™[} <74

and a second condition which can be found as the entry in Table 4.1 corresponding

to the values of a and (3, i.e.

—xllar —a*|
ﬁc = eXp { 4.1
=l + o1 =57 (4.1)

If all of these assumptions hold, then the whole system is locally exponentially stable

to a* and b*. For o # (3 the parameter errors are bounded by

larsr — a*ll < ¥l — o

of — gk
s =1 < 341 = 0+ X oy — )
and for a = (3 by
e — o]l < @y — o] (4.2

[or = 0% < B*[1by = 0[] + Xkt lar — a”|| = 5oy = 0| + xkB*[lar — a”|| (4.3)
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¢ We begin with the adaptive state equation
agr1 —a* = folag, xx) — a”
Using the fact that a* is a fixed point, we have

apy1 — a" = folag, vx) — fala®, o)
Taking the norm of both sides and using the Lipschitz continuity of the adaptive
state equation, we have
larrr — a|| < allay — o’
Iterating this yields
laksr — a*|| < o*llar — a”| (4.4)

which is our bound over time for the deviation in the first block from its tuned
signal, a*.
We now begin analyzing the second block. Adding clever forms of zero to the

adaptive state equation of the second adaptive element yields

big1 — 0" = fo(br, galar, z1)) — fo(br, ga(a™, z1)) + fo(bk, gala™, xx)) — 0"

Because b* is a fixed point, we have

b1 —b" = fo(br, galar, z1)) = fo bk, gala®, Tx)) + fo(br, gala™, xx)) — fo (0", gala”, 1))

Taking norms, using the triangle inequality, and using the Lipschitz continuity of

the adaptive state equation, we have
b1 = 07| < Bllbe — b7 + x[lax — ™|

Iterating this inequality yields

k—1

s = 071l < B51b = b+ x Y Fllar—i — a7

=0
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Using (4.4) we have

k—1
lbgsr = 07| < B8Ibr = b7 + x Y B'a* " Hlay — )|

=0
1 i
(o) feet6s)

Using the sum of a finite geometric series', we have, for a # 3

k—
o1 = B[ < B¥[[by — b7 + xa*

)

_(B)F
[brs1 — b*[| < B5[[b1r — b*[| + xo/“‘IT(“ﬁ)Hal —a”||

Doing some manipulation yields the bound provided by the theorem.

k k

b — bl < BFllby — bF a
oo = V71 < 8410 = 87+ x5

lar = a7
For the special case where a = /3, (4.5) becomes
o1 = 0%[ < B¥[1by = 0[] + xkat|lar — a”|| = 8oy — 0" + xkB*[lar — a”|| (4.6)

To finish the proof, we must verify that our trajectories remained within the ball
in which our solutions held. For the case o # (3, first rewrite the bound as

X(eln(a)k o eln(ﬁ)k’)

Ibgss = b < by — b3 + 3

lar = ail

We now consider the right hand side as a function u(z). Taking the derivative of

this with respect to k gives

=mwwW“mrwm+&%§gﬂamw&@“4mmw@ﬂ (4.7)

Regrouping terms on the right of (4.7) and setting it equal to zero in order to find

the location of the extrema yields

* xllar — ail In(8)k In(a) xllar — ail| In(a)k
b — b [ e L max mazr — 0
(”1 =) ") a-g ¢

!See appendix C.
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o Xllar = aill\ s In(a) xllar — ail|
b _ b — mor — max 48
(H 1= bl a—pf ‘ In(g) a-p ‘ (48)

(o) (o= Ol

In(«) Xllar — af]]

(%) kmas

So the time at which the system reaches is maximum error is

@) (1 _ (a=Blb-bl
in (m(a) <1 ar—aill ))

kmaac o
In(5)

To verify that this is indeed a maximum, we need to look at the sign of the second

derivative. Taking the derivative of (4.8), we get

d*u(k)
dk?

ol il los
=1 2 (1by = bF|| — AL 1) Bk 4 2 In(a)k
() (1 = ) = M2 gyl =il

We then evaluate this at k = k4, and substitute in (4.8) for the term in parenthesis

on the left.

In(@) x[la1 — ai| xllar — ai]
In ﬁ 2 <_ eln(a)kmaz + In(c 2 1 eln(a)kmw
D\ @) as S

Rearranging terms yields a form of the second derivative more convenient for sign

analysis

In(a) — In(5)

In(« x|lar — aj e(@kmaz) ()
(0) M= (v — aifj o)
<0 ﬁ_/ >0

>0

This verifies that the second derivative is negative, and thus that we have a max-
imum at £k = k... We need this maximum error small enough that we can
guarantee that the two adaptive elements remain within the balls in which our

assumptions are valid. Thus, we require

(ak‘maz — ﬂk‘maz)

gy = Bl +

lay = aill <

and

Hal —ajl| <7,
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whenever a # (3. These are the two conditions required by the theorem as shown
in Table 4.1.

The final case we must check is the special case that o = 3. Defining the right
side of (4.6) to be a function w(k) and taking its derivative and setting it equal to

Zero gives

dw(k)
dk

=t = I (B) 8" [[b1 — (| + x In(B) ki 5™ [|ar — a*|| + xB"" |1 — a*[| = 0

—In(B)8% [lby — 5| — x5 llar — a*]| = x (BB lar — a*|
—In(B)llbs — b°l| — xllar — a*|
xn(B)as — o]
L
wlar —a* ~ (B)

Because we start at £ = 1, we see that we will only encounter this extremum if

k=

K

(4.9)

—[[br — b 1
— >1
xllar —a*[|  In(3) —
1 [b1 — b7
SR Ak
In(53) xllar —a*||
hl(ﬁ) > _XHal —a ||

~ Xllaw = @[l + oy = 7]

—xllar — a”|]
B> exp{
xllar —a*|| + (b1 — o]

Thus, if a = 3 < exp {X“ali’ﬂL'l“lJ:‘f;z||_b*|l } all we require is that the initial conditions

put us into the correct region to begin with
|lay —a*|| <7,
[[br = b7 + xllax — a™|| <7

—xllar—a”||
xlla1—a*[[+]|b1—b%]]

Continuing on with the case when a@ = 3 > exp { }, we must verify

that k,, is indeed a local maximum. To do so, we take the second derivative of
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w(k) and check its sign.

2w * *
T ot = In(3)28% by — b*|| + X In(3)km B8 [|ar — o

+x In(B3) " |lay — a*|| + x In(8)8*|lar — a*|| = 0

Substituting in the expression for k,, from (4.9) gives the equation

2111 * * *
Cub) | = W(B)2]br — b + 2In(B)x[lar — a*|| — In(B3)2|}by — b*|
—In(B)x|lar — a*|

= In(B)xllar —a™]| <0

where we have ignored the trivial case when the first adaptive element is started

exactly at its equilibrium. Since the second derivative is negative here, k,, is a

maximum. Thus, if « = > exp {xl\a1_—xall*a||1+_||(21”—b*ll }, requiring

|lag —a*|| <7,

B {[oy = b*[| + x5 [l — a*|| < 7

guarantees that we remain within the ball in which our assumptions were valid.o

This theorem provides us with our basic result that our other results will build
on. Namely, if the first adaptive element in the SFFBACs is contractive to its
desired point, and if the second adaptive element is contractive to its desired point
when the first element is fixed at its desired point, then both elements are locally
exponentially stable to their desired points. The following example illustrates this

theorem.

Example 4.1 (A Series Feedforward Binary Adaptive Compound). Con-
sider two adaptive elements connected together in series feedfoward form, as in

Figure 3.1, with adaptive state equations

Qg1 = ax — fla (a, — 1)
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bk+1 = bk — MUp (bk - 3ak + 1)

We wish to verify that the conditions of Theorem 6 hold true for this system. First
of all, we note that a* = 1 and b* = 2. Then, calculating the contractivity and

Lipschitz constants

Hfa(alvxk) — CZ*H _

@ a{%%f* ||a1 — (Z*H arllé%)a{*( ,ua) ( ,ua)
||fb(b17ga(a*7$k)) B b*H
p— pu— 1 —_
T A o
b — f(b *
= e Wt glara) = ilbglat )
far — o]

We see that this system (due to its linearity) can be contractive within any ball we
choose and satisfies the conditions of the theorem. Figure 4.1 compares the bound
offered by the theorem and the actual evolution of the trajectory. We see that, for
this simple linear system, the bound offered by the theorem is very tight, because

the solid and dotted curves are indistinguishable.

4.1.2 Deterministic Analysis Time-Varying Regime

Next we extend our analysis to handle time variation and disturbances, but still
assume that we have a contraction at every step. Once again, we highlight the
connections with the qualitative DAC conditions. The theorem we will develop is

similar to Theorem 3.

Theorem 7 (Time Variation and Disturbances in DaC SFFBACs). Con-
sider two adaptive elements connected in series feed-forward form, as in Figure

3.1, and suffering from disturbances (noise) and time variation

ak+1 - fa(kaafkaxk) + n%
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Figure 4.1: Example of exponential stability of a SFFBAC. Note that the bounds

are very tight in this example, because the updates are linear.



68

Table 4.2: Requirements on the accuracy of initialization to guarantee exponen-

tial stability to within a ball of the desired points for the SFFBAC subject to

disturbances and time variation. The critical 5 is 5. = exp {X”a;’ﬂg'lﬁﬁlb*u }

a, 3 km = r, <
n (a=B)l1by —b7 Em * km _ gkm
1n<}n52; <17 xl\alfla’l‘Hl >> 6 ||b1 —b || + X(CMTB)

catdy cp+do
T Hw T 0

B b = b* || + kB lay — o]

a=p0<pf. 1
catdi cp+do
TTH-w " (1-H)
. Brm by — b*[ + k¥ [lay — a*||
_ T
a=02p A —a ] — ()

ca+d cp+da
MR

Yr = Galar, T1)
br = folk, br, yi) +np, = folk, b, galag, x1)) + 1}
with DaC-designed stationary point trajectories aj and by,

a’l: - fa(k7alt7xk> vk

bz = fb(k7blt?ga(alta$k)) vk

and with the DaC' contractivity (3 and 4) conditions.
1fal& mr) = falag, )| < all§ —apll o<1 VEe By Vk (4.10)

1£5(&, galar, ©x)) — folbrs galar, ze))| < BIE—bEll B <1 VE€ By Vk (4.11)

Where we have defined By: = {& €k — at]l < 7o} and By = {& €k — DF] < 13}
Also assume lipschitz continuity in the coupling of first element’s input output

equation and the second elements adaptive state equation (Condition 5)

1£6(b, ga (&1, k) — fo(by gal(Eas xa) )|l < X1 — &2l V&1,&2 € Bay Vb € By (4.12)
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and small enough noise and slow enough time variation (Condition 6).
laki — all <di |[bjy — bill < do

Infll < ca lIngll <
Then, if the initializations are accurate enough, the disturbance is small enough,
and the time variation is slow enough (Condition 6), such that

d1+Ca
1 —

+ |lag — all] < g

and the initialization error satisfies the bound corresponding to o and 3 in Table

di+cq

*
== around aj,

4.2, then the whole system is exponentially stable to a ball of size

and a ball of size dff;” + (fC_(il)zrij;) around by. For the case that 3 # «, the error

18 bounded by

di + ¢cq

11—«

dy + cp X(d1 + ¢cq)
1-5  (I1-a)1-7)

larss — agall < @Fflay —af]l +

x(a" — ")
a—f3

For the case that B = «, the error is bounded by

Bkr1 = Yisr | < 87160 — 07 + lar — a7]| +

d1+Ca
11—«

larss = aiall < @*flay — af]l +

dy + ¢ x(di + cq)

— bl < B¥lby — b *lay — af
ku+1 bk+1H—ﬁHb1 b1|’+Xkﬂ Hal a1H+ 1-p (1—04)(1_5)

© As usual, we begin with an adaptive state equation to which we have added

a clever form of zero.
A+1 — alt:—&-l = fa(kv ak?'rk) - alt: + (IZ - alt:-i-l + nli
Taking norms of both sides and using the triangle inequality yields

larr = apa | < 1 fa(ks ar, 2x) = falks af, )|+ llag = ag [l + lIngl
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Using the assumption we made about the contractivity of the first element’s adap-

tive state equation, we have
a1 — apn || < ellar — agll + llag, — ag, [ + [[ng]

Running the recursion and replacing the disturbances and time variation with their

bounds we have

k

laks =l < @Fllar = ajl| + ) a'(di + ca)
=0

Since the sum above is a finite geometric series, and « is a positive parameter,
it will be less than the corresponding infinite geometric series, which gives us our

next equation
dl + Cq
11—«

larss — aiall < @*flay —af]l +

which is the bound that we predicted on the error in the first adaptive element

from its tuned trajectory. Continuing on to the second adaptive element we have
brvr — Uiy = fo(k, biy galan, 71)) — fo(k, b, ga(an, 71)) + fo(k, bi, galar, T1))
by + b, — by + 0l
Taking norms and using the triangle inequality gives
10611 = Oyl < ([ fo(K, b, galan, z1)) — fo (K, bk, ga(ag, zx)) ||+
1fo(k, r, gala, @x)) — fo(k, b galag, za)) | + 1105 — ipa | + [Ingl

Using the assumed Lipschitz continuities we have
1br41 = bt | < Xllar — aill + Blloe = Uil + 115 = bt | + [ ]

Running the recursion gives

k—1

lorsr = Bl < 85100 = 50+ D 87 (llan—s = aiill + 155 = B | + lInf 1)
=0
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Substituting in (4.1.2), we have

k—1
Ibier — B all < 8510 — B2+ 3 B (a“1||a1 —alf +

1=0

d1+Ca +d2+Cb
1— 1-3

Using once again the sum of a finite geometric series and the sum of an infinite
geometric series as we did in the previous theorem, for the case that o # ( we

have

d1+Ca +d2—|—cb
I-a)1-p) 1-0

*

Bkr1 = Vi | < B [160 — 07| + lar — a7 +

x(a* — ")
a—f3

and for the case when o = 3, we have

dy + ¢, +d2+6b
(I-a)(1-p5) 1-p

o1 = bl < B¥N1b1 = 031l + xkB*lar — aill + (4.13)

Which is our final desired bound on the parameter error in the second adaptive
element. We note that the misadjustment in the first block causes misadjustment in
the second block through the sensitivity, y. Thus, in the second adaptive element,
the size of the ball within which we can guarantee that our solution lies is affected
by the size of the ball in which the first adaptive element’s parameters are known
to lie.

To finish the proof, we need to verify that we never left the ball in which our

assumptions valid. To do so it is necessary to determine our maximum error. For
a#p

k_ gk
max [oxr = byl < maxe (4116 = b7+ X2 lay — afl] + by

d: +c
12— /éb>

Taking the derivative with respect to k allows us to perform the maximization.

First, rewrite the bound as

X(eln(a)k o eln(ﬂ)k)
-

d1+Ca +d2+6b
l-a)l-p6) 1-0

e OF1by — by + lar = azll +
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Taking the derivative with respect to k gives

axlla — affl

In(B)e™ % ||by — b7 + 3

(ln(a)eln(o‘)k — ln(ﬁ)eln(ﬁ)k)

which is the same as (4.7). We have already characterized the location of the
zeros of this function when we studied the zeros of (4.7). Furthermore, since the
second derivatives will be the same as well, we know that k,,,, from the previous
theorem will be a local maximum for the bound on the error in this theorem as
well. Thus, we can use our results for k,,,, from the previous theorem for the case
that a # . We must also consider the special case when o = . In this instance,
we can apply the same derivation as in the previous theorem to get k,,, since the
derivative of (4.13) with respect to k is exactly the same as the derivative of (4.6)
which was for the special case @ = 3 in the previous theorem. Thus, using the k,,
from the previous theorem and our bound on the parameter error, we can produce
the initialization error bounds required in Table 4.2. ¢

Qualitatively, this theorem assures us that our SFFBAC will be robust to small
disturbances and perturbations when we initialize it accurately enough. Essen-
tially, all we need to guarantee this is contractivity of the undisturbed and time-
invariant system, and continuity in the second adaptive state equation with respect
to the first elements adaptive state. We provide an example here to highlight the
quantitative aspects of the theorem. Not surprisingly, the theorem shows that
(possible?) jitter in the first element couples through to (possible) jitter in the
second element’s adaptive state. This fits with intuition: since the first element
processes the input to the second element, if it does so in a noisy way, it is possi-

ble that the second element will be sensitive to this noise. The parameter y is a

2The theorem provides an upper bound on the error, which is not necessarily
the achieved supremum.
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measure of this sensitivity: second elements which are more sensitive to changes
in the first elements parameters have larger ys and possibly have more jitter due
to fluctuations in the first element’s state. Of course, we have not characterized
the disturbances yet, and, thus we have not exploited fully the possibility that
they might be zero on average. Our next two theorems specialize our analysis to
this case. But first, we consider a numerical example to highlight the quantitative

aspects of the previous theorem.

Example 4.2 (SFFBAC Time Varying and Disturbances). Consider two
adaptive elements connected together in series feedforward form, as in Figure 3.1,

with adaptive state equations

A1 = A — Ug (ak — CZZ) + ng

bk—i—l = bk — MUy (bk — Bak - b;;) + Nk.2

We wish to verify the accuracy of Theorem 7. To begin, we calculate the Lipschitz
and contractivity constants, which are « = (1—p,), = (1—up), as well as x = 3
since the algorithm is in a simple linear form. Furthermore, the linear form allows
these constants to be globally true. As we can see in Figure 4.2, the bound offered
by this Theorem is not tight at all. Thus, we will develop averaging theory in the
next two sections to allow us to more fully study the way the two adaptive elements
interact, as well as get a better handle on how the step sizes affect convergent
jitter in an averaging form algorithm. Our current bounds do not indicate that
turning our step size down will decrease the bound due to the disturbance, while
our intuition and practical experience with averaging form algorithms suggest that
such a situation is indeed the case. Deterministic averaging theory will provide us

with a method of confirming our intuition about this concept, and of showing that
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Figure 4.2: Series Feed-forward Binary Adaptive Compound with disturbances and

time variation.

it does indeed apply to the series feed-forward binary adaptive compound case as

well.

4.1.3 SFFBAC Deterministic Finite Time Averaging The-

orem

Now we extend our analysis to include the possibility that we might not have a

contraction towards the desired points at every step, even when the first element is

at its desired state, while on average there will still be a contraction. The theorem
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we will develop will be similar to Theorem 4.

Theorem 8 (SFFBAC Finite Time Averaging). Consider two adaptive el-
ements connected as in Figure 3.1 to form a series feed-forward binary adaptive

compound with the averaging form adaptive state equations
A1 = ay + ,uafa(ka ar, Ty (4.14)
b1 = i+ o fo(k, b, g, 1)) (4.15)
and its associated error form
Ap1 = Qg + pafa(K, Qr, 2) + af, — aj iy
bys1 = by, + 1o fo(k, b ax) + by — by (4.16)

where Gx = ay, — af, fa(k,ar) = fo(k,ar + af), by = by — b, and fo(k, by, ) =
Folk, bp + bk, ga(ar + aj, xx)). Suppose that the following averaged update functions

exist

N—o0

1 N
fava(§) = lim N;fa(za&%)

N
1 .
fav,b(Vy 5) = ]\P—I}loo N Z_l: fb(za v, f)
Which give the following averaged systems
Q41 = A + ,uafav,a(ak) + CLZ - altJrl

Bk—H = by + Nbfav,b(gka ap) + by, — bri (4.17)

Suppose that the averaged systems, (4.14) and (4.15), obey the conditions in The-
orem 7, so that they are exponentially stable to balls around the trajectories aj and

bi. Specifically, the averaged error system must satisfy conditions related to (4.10)

and (4.11) (DAC Conditions 3 and 4)

lar + pafao(ar)|| < aljax]
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10% + 14 fawp (b1, O) || < B]|br ]

and related to (4.12) (DAC Condition 5)

||V + /Lbfav,b(ya gl) - (V + beav,b(yv §2)) ”
= ’Nb‘”fav,b(’ja 51) - fav,b(V> fz)H < Mb’YHfl - §2H V&1, € BO<ha) Vv € Bo(hb)

Also suppose the unaveraged ay system, (4.14), obeys the conditions of Theorem
5, so that the averaging error can be bounded linearly in p,. Define the total

perturbation for the second element to be

k
plh,v,8) = > [foli,1,€) = faup(1,6)]
=1

and assume it is Lipschitz continuous uniformly in both arguments and bounded at

the desired states such that
|p(k, 11, &) — p(k,v2, )| < Lppllvs — vl Vvi,va € Bo(he), € € Bo(ha) (4.18)
||p(k> v, 51) _p(ka v, 62)” < XH&I - €2|| Vv e Bo(hb)7 §1a§2 € BO(ha) (419)

”p(k,0,0)” S Bp,b Vk € {1,2, s ,Tb/,ub} (420)

where Bo(hy) = {V||Iv]| < b}, Bo(ha) = {&|I&]l < ha}, and hg = h, where h is the
size of the balls used in Theorem 4. Assume that fu, (b, a) is locally Lipschitz such

that

||fav,b(§1a V) - fav,b(§2a V)H < Lf7b||§1 - §2|| V€17£2 € Bo(hb) WS Bo(ha)

||fav,b(y7 61) - fav,b(% §2>|| S 7“61 - §2H Vv e Bo(hb) v§17£2 € B()(ha>

where By(ha) = {&]|I€]] < ha} and Bo(hy) = {v|||lv]] < hp}. Furthermore, assume

that the second element’s unaveraged adaptive state equation is bounded, such that

| fo(ks vk, Ga (s )|l < Brp Yk Vi € Bo(hy) V€ € Bo(hg)
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Also assume that the step sizes are small enough and the time variation is slow

enough that

lagyy — apll < ca 1051 — Okl <
and
hy > B @B|by || + d(kn (e, B), v, B)||as || + om0
+elsoTe [Nb (Lp,be,bTb + Lp,bhb + xha + Bp,b)
+uaTyx By + Tyyw(pta, T) + Tyxca + Ty Ly pch)
where
poy(ak—6%)
Rro— = a# 8
d(k,a, B) = a=f
wykp”  a=p
and
)
HEEIE D) "
km(aa ﬁ) - 5 ln(g)
—lbull 1 _ —xlla]
xa ~ (g a =[5> exp {x\\a1||+||51||}
_ —xlld1 ]
(! a=p<exp {x||a1u+||b1||}

and w(pq, T') is the bound on the difference between the averaged and unaverged
systems’ trajectories in the second adaptive element (||ay — ax||) from Theorem 5

2 — oT/n
w(,ua, T) = m (CT + M(Bp + Lph + LprT)) e’\fT

If all of these assumptions hold, then over the time interval {1,....T,/up}, the
difference between the averaged trajectory and the unaveraged trajectory, Ap =
Hi?k —by||, is bounded by a function which can be made arbitrarily small by shrinking

BOTH p, and
Apyr < P00 [y (Lyp ByaTy + Ly phy + Xha + Bp)
+aTox By + Tyyw(pta, T) + Tyxca + Th Ly o) (4.21)

Vk € {1, ...,Tb/,ub}
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o Subtracting the averaged system, (4.15), from the unaveraged system, (4.17),

yields
et — bern = by — by + Zf:l [fb(i, Biaga(dhxi)) — fav,b([;iu a;)
+ Z?:l [fav,b(i)iu ;) — faup(bi, @i)]

We observe again that

p<k7 aka 5’6) _p<k - L a’k’a l;k) = fb(ka Ek?.ga(dkwrk)) - fav,b(dk; Bk) k 2 2
which allows us to rewrite (4.1.3) as

i1 —brar = b — b1+ Zfzg [p(i7 bi,a;) — p(i — 1,b;, di)i|

8 faos(@is b)) = Faws(@i, 00)] + fo(br,a@r) = fanp(br, @)

A change of indices of summation yields
Bk—l—l - Ek+1 = 51 - 51 + b Zf:ll [p(ia gi; di) - p(i, Ez‘+1, di—i—l)}
+ 1y Zi-c:l [fav,b(&h bi) — favs(ai, 51)} + pupp(k, b, )

Adding a clever form of zero yields

Z?k+1 - 6k+1 = 61 - 51 + Ly Zf:_ll [p(i, l;iv &i) - p(z’, Bi+1> di) +p(i, Bi+1, 562')
—p(i, 6¢+1, dz‘+1)] + Ly Zle [fav,b(dia i?z) — favp(i, Bz)]
+psp(k, by, )

Defining Ay = by, — by, taking norms, and using the triangle inequality gives
Bisr S Avt sy Sy [Lpolliss = bill + xllaies — il | +
o 0y s — il + Lyl = Ball] + (e, B, ) |

Using (4.14) and (4.15) gives
Ak’-i-l S A1 + Hb Zle |:Lp,b”:ub.fb(6i7ga(dia xl)) + b;k - b;:_l”

+X’|Mafa<&ia LL'@) + CL: - a:—i—lm +

i Sy [ = @il + Lyl = Bal] + lpk, B, ) |
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Nprr < A+ 8 [LpstinBro + Lypsco + Xpta By + XCal
i S0y [V = @il + Lallbs = Bill] +
lp(k, by, ax) — p(k, 0, ax) + p(k, 0,ax) — p(k,0,0) + p(k,0,0)]|
which allows us to use our assumptions to bound the last term. Using the triangle

inequality yields

Apir < Au o 0y [LpstoBro + Lpsiincy + XpaBs + XptaCal
s Sy [y T) + gl = Bill
11, ([Ip(k. b ) = pOk, 0,1 | + [p(k. 0,@) — p(k,0,0)
+lp(k, 0, 0)
where w(fu,, T') is the bound on the difference between the averaged and unaveraged
system trajectories in the second adaptive element provided by Theorem 5, and
we have that w(ue,T) = O(u,), given certain conditions on the speed at which

the desired trajectory changes.

Api1 < A+ Zﬁ; Lyt Byy + Lppcs + xpha By + XCa
i Sy [10Gt0, T) + Lyallbs = Bll | + s (LpollBill + xlanl + By )
We finally have
Aprr < Ay + ok [Lypppin( By + o) + Xpa( By + ca)] + pwhkyw(pa, T)
Ly Yoty 1B = bill + o (Ll + Xha + Byyp)
which, after applying the discrete Bellman-Gronwell identity® gives us

Api1 < (14 pLyp)* [Ar 4+ Ty (LyppioBro + Lppcy + Xita By + XCa)

+Tyyw(pa, T') + py (Lpphe, + xha + Bpp)]

3See Appendix C.
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Rearranging the terms in order to emphasize the impact of the step sizes, we have

Api1 < (T4 mLsp)® [Ar + iy (LppBroTy + Lyshy + Xha + Bpy)
+raTox By + Toyw(pia, T) + Toxca + T Lp,pc)
which gives us the bound we desire. Assuming that we start the averaged and

unaveraged systems at the same place, we have

Appr < ebrolo [y (Ly By Ty + Ly phe + Xha + Byp)
+u Tyx By + Tyyw(pra, T') + Tyxca + Ty Ly ey
Vk e {1,...Ty/}
The last concern we must address is that we must verify that we never left
the balls in which our Lipschitz continuities and bounds were valid. We must now
verify that the second algorithm remains within the appropriate region. Continuing

in a similar manner as in the single algorithm case, we have
[Bx]] < [1Dk[l + A

Now, our assumptions about the averaged system dictate that it is exponentially

stable to balls around zero error from the desired trajectory

— kNT a Ca @
1Brsall < Blloall + ks 0 B)llanll + =S =5 * 1= 5

where

poy(ak —5*)
l(k, , 3) Oé—ﬁ

kaﬁk a=pf

Combining this with the bound on Ay, and using Theorem 7 gives

okl < BE Dby || + d(kim (v, B), o, B)|anl| + a2 + 125
eLf,bTb [,ub (Lp,be,bTb + Lp,bhb + Xha + Bp,b)

+1aTyx By + Tyyw(pia, T) + Tyxca + Ty Ly pCo]
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where, we have from Table 4.2 that

(
In(B) (a=B) byl
In( & (1l a+f
i B (%)
m(e0) = b i |
ol 1 — _=xlaf]
Xlaill ~ (g) a=[52exp {xua1||+||b1||}
_ —xlla]|
! a=f <exp {x||a1u+||in||}

Thus, if the time variation is slow enough and the step sizes are small enough such

that

B> B by + d(kn(a, B), 0, Dlla ] + sty + 125
elro (1 (Lyp BraTy + Lyshy + Xha + Bpp) (4.22)
+uTyx By + Tyyw(pta, T') + Tyxca + T Ly ey
then we remain in the ball in which our assumptions hold. ¢
This theorem is important not only for its quantitative information, but also
for the qualitative information it provides about SFFBACs. The most important
aspect we note from (4.21) is that to make the averaging error in the second element
small, shrinking the step size in the second element alone (as Theorem 4 for a single
adaptive element might be read to suggest) will not guarantee convergence to the
averaged system. Instead we (might*) have to make the step size small in the
first adaptive element as well to make the averaging error in the second adaptive

element small.

Example 4.3 (Averaging example for SFFBACs). Consider the series feed-

foward binary adaptive compound

2k "
~ A Ak 3 2 Pa g~ %

4The theorem provides upper bounds, but not necessarily supremums. Thus,
the bounds could be quite loose.
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I;k+1 = lA)k — 2/~Lb <<Z)]€ — ble + ?)(dk — CL;Z))) COS(%)2
—y (b = )1+ 31— a))

and its associated error system

2k a y .
Q1 = @ = Haty c08(755)" = %ak +ap —ap,
2rk

ber1 = by — 2pp (by, + 3agby) 005(5)2 — pp (b + 3akbk)3 + b —bpyq
from which we can discern the adaptive state error functions to be

2rk 1
_ 32T R L
fa(kya) = —a COS(lOO) 1%

2rk
fo(k,b,a) = —2(b+ 3ab) COS(%)Q — (b + 3ab)?
We see that these system functions are associated with averaged updates

1,

1
fm,’a(C_L) = —ia — ZC_L

favp(b,@) = — (b+ 3ab) — (b + 3ab)?
This produces the following averaged adaptive system

— — lua -3 lua— * *
Q1 = A — ?ak - Zak +a, —ag,,

b1 = b — (Bk + 3dk5k) — wp(by + 3aby)® + by — .
Theorem 8 quantifies the difference between a trajectory that is moving in the
averaged system and a trajectory mowving in the unaveraged system. In order to

verify its tightness for this example, we need to calculate some relevant parameters.

In order to do so, let us assume our desired trajectories are

. 2rk
ay = .2¢08 | ————
1000000
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. 2mk
b= Bcos (1000000)

We need to choose a region of interest in which to calculate uniform Lipschitz
constants. We know that the averaged system needs to be uniformly contractive
to the fixed point for our theorem to apply, so let’s choose our area based on this

restriction. Calculating the contraction constants, we have

=

as—

=

lla—* all

]
-]

o < MaXaeBy(hy)

a

< MaXaepy(h,) |1 — & — 57|

IN

-k
which will work (i.e. be less than one) in any ball we choose, so we can pick
anything for h, and

) ||b— g1, (b+3b) — sy, (b+-3ab)3 |
B < MaXyep, (ny).aeBo(ha) 18l

] (4.23)
S maXBGBO(hb),dGBO(ha) ||]. - Mb(l + 3&) - ,Ltbb2<]. + 3&)3H

which can be made less than one as desired if

_ max 11— (1 4 3a) — ppb®(1 +3a)%| < 1
bEBo(hb),dEBo(ha)

For iy, = .001, one region in which this is true is the region a,b € [—.2,.2]. Thus,
we choose as our region of interest a,b € [—.2,.2]. Within this region (performing

the calculation in (4.23) numerically) we have

B = .9996
L < afav,b 2 3
fp < max || =e=| < max |=(1 4 3a) — 3b°(1 + 3a)®|| = 2.0915
a av
v < max % < max|| — 3b — 9a*b’|| = 0.6029
a
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Zk afb(i7b7a) _ 8fa’u,b(b7a)
=1 ab ob

L,y < max

< max Zf L5 ( 2(b + 3ab) cos(—ok) (b+ 3ab))H

< max ||3F L 2 (= (b+ 3ab) cos(42E) )H

< max Z —(1 4 3a) cos(Zx )H 7.1704

Zk Ofp(isb,a)  Ofaup(b,a)
i=1 da da

X < max
< max ||[32F 2 (—(b+ 3ab) cos(‘”k))H

< max Zf L —3bcos(*EE) H < 2.6889

ok
By = max || — 2(b + 3ab) cos(5i0)2 — (b+ 3ab)®|| < 0.6728

k .
4

B, = max|| ;:1 (0+0) cos(—50 )| <0
Lp S max Zf:l 8faa((j’a) _ afag;(a)

< max || L, £ (~a® cos(2)? + 1)

k 0 47rk:
< max ||Y7; ==La® cos( T H

< max || S8 “2a? cos(42E) H <0.5078

i=1 100
a av,a -
As < max fT@ < max v Za?|| <0.31
-1 3 2k
- —a— 2l <o,
By = max Tea cos( 100) ‘ < 0.0580
L Ak
_ —1 3
B, = max ;7a cos(1gg)|| < 00339

Now, applying the theorem with a particular initialization and window lengths,

T and Ty, chosen using Theorem 5, and by picking any Ty, we can create Figure 4.3.
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Figure 4.3: An application of the SFFDASP finite time averaging theorem. Note

that by exploiting the zero mean nature of the disturbance, we have made the

bound tight.

This figure indicates that the bound provided is indeed true for this case, although

not at all tight.

4.1.4 SFFBAC Deterministic Hovering Theorem

Boundedness of the averaging approximation error on a finite interval only is not

necessarily enough information regarding system behavior when one wishes to em-

ploy SFFBACs.

Often, we want to continue using the device over an infinite
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amount of time, and thus, we need bounds on the error over an infinite time

window. The next theorem, which is similar to theorem 5, answers this need.

Theorem 9 (SFFBAC Hovering Theorem). Consider two adaptive elements
connected together to form a series feed-forward binary adaptive compound. As-
sume that the first adaptive element satisfies the assumptions of Theorem 5. Fur-
thermore, assume that the second adaptive element satisfies the assumptions of

Theorem 8, with slight modifications to (4.18), (4.19), and (4.20)

k+nTy/pp

pn(kafa l/) = Z [fb(iagaga(l/axi)) _fav,b<£7y>]

i=nTy/pp

Pk, &1, v) — po(k,&o, V) || < Lppll&n — &all Vi1, & € Bo(hy) Vv € By(hy)
[pn (K, & 1) — pu(k, &)l < Xl —1al| V€ € Bo(hy) Vi, va € Bo(ha)

where By(hy) and By(h,) are defined as in Theorem 8
[pn (£ 0,0)[| < By

We also require

hb < 6kmaz(aﬁ)”61” + Mb"yd(k‘mtlw(a’ ﬁ)? a,ﬁ)Hle + (1_05):% + 1c_bg

Tp/mplt -1
) {up> fJJ}) 1-8Tp/m—1

T 2y (o, B) [la || + 2y = — 5

+elspTs [t (Lpp BTy + Lpphy + xha + Bpp)
+1aTox By + Tyyw(pia, T) + Toxca + Ty Ly pcs]] +
P10 1y (Lo By Th + Lyyhy + Xha + Bpy)

+uaTyx By + Tyyw(pta, T) + Tyxca + ToLp pCh]
(4.24)

and the conditions of Theorem 5 to hold for the first adaptive element. If these
assumptions hold, then over an infinite time window the difference between the

averaged system’s trajectory and the unaveraged system’s trajectory can be bounded
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by a linear function of p, in the first adaptive element (because Theorem & was
assumed to hold), and by a linear function of both p, and uy in the second adaptive

element

kuH < ﬂk“BlH +:ub’7d(klaaaﬂ>”alH + m —+ 10__175

ot )Tb/“bl{‘ub>L;Il)}) Ty/1p—1
, B - 1—8Tb/rp—
= fybl—ﬁTb/ub 2y DT iy (o, B) ay | "‘QMWBIT I-a

+elavTe [y, (L, 3 BryTy + Lypyhy + xha + Bpp)
+raTyX By + Toyw(pa, T) + Toxca + To Ly pcs]] +
P10 [y (Lypp BTy + Lyphs 4 Xha + Bpp)
+uaTox By + Tyyw(pe, T) + Tyxca + Ty Ly pcy)
¢ The trick is once again to divide the time axis in the second element up into
intervals of length Ty/u,, and then use Theorem 8 to guarantee boundedness of
the averaging error on each of these intervals. To do this, we associate with each

interval a interval-averaged system trajectory, by x, k € {nTy/up, ..., (n+ 1)1/ 1},

and initialize this trajectory with the unaveraged system’s parameter, b, n1, /., =
Z)nTb /- Then, we use the contraction in the averaged system’s map to guarantee
that each of our interval-averaged system trajectories will move toward the infinite-
averaged system trajectory. Thus, we will have a relation between the interval and
infinite-averaged systems, and a relation between the interval-averaged system and
the unaveraged systems. We can then combine these two relations to relate the

unaveraged system with the infinite-averaged system.

We begin by using (4.17) to write

HBnTb/#b - anl,nTb/#b” = HBnTb/ub*I + fav,b(BnTb/urlv anTb/url)

- (En—l,nTb/ub—l + faw,b(z_)n—l,nTb/ub—la anTb/,u,b—l)) ||
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Adding a clever form of zero produces

160y /s — On—tt /|| = || Oty -1+ 126 S o Oty 15 oy 1)
— o Lo o (BnTy fy—1,0) + 1 Faw b (On, 1y -1, 0)
b fav o (On—1.07, /15 0) — Ko fawp(On—1.07, /iy —15 0)
— (anl,nTb/ubfl + Hbfav,b(gnq,nTb/url, (_lnTb/ur1)) H

Using the triangle inequality yields

16n7s /1, — bn—tnT s || < {[Baty jsy—1 + 16 faop(nty fup—15 0)
— (anl,nTb/pbfl + 11 faw b (On—1.073 1 0)) H
111 fao b (BuTy iy — 15 @nTy fpiy—1) — 1 Faw b (Orty fpuy—15 0) |
+||p“bfav,b(l_)n—1,nTb/ub—l7 an Ty /y—1)

_ﬂbfav,b(gnfl,nTb/,ubfly 0) H

Using the assumption about Lipschitz continuity of f,,; in a, we have

||BnTb/ub - En—l,nTb/ubH S ﬁ”i)nTb/ub—l - l_)n—l,nTb/ub—lu + 2,U/b’y||anTb/p,b—1||

Substituting in the bound from the single algorithm hovering theorem, Theorem

5, which we know to hold for the first of the adaptive elements, we have

1007, /10, = Ont 0 i || < Bllbwzy i1 = Ont7y 1| + 20y (@742 an |
+1%3)
Running the recursion backwards until the beginning of this particular time seg-
ment and assuming a; = a; yields
7 7 T 7 T -3 i
10073 /1, — Bt | < BT D1y, g, — Bt i 1y7i | + ot B (24
(o f/me=2ay | + ££5))
Using the fact that we initialized the interval-averaged system with the unaveraged
system, we have
* 7 I 7 T -1
1nzy /i, = bty | < B b 1y1s iy, — Bin1y | + " B (2p10y

(e tim=2 | 4 125))
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Also, we know from the triangle inequality that

||B”Tb/ﬂb - bnTb/ubH < ||E"Tb/ﬂb - E"_LNTb/NbH + HBn—l,nTb/ub - bnTb/ub”

whose first term on the right hand side we just bounded, and whose second term

on the right hand side is bounded by Theorem 8. Thus, we have

1wz, /s = Bl < BB 117, /0y, = Bn1y1i o | + Sy 20178 (
@y + %)
+elrvTe [y, (L By Ty + Lyphs + xha + Bpy)
+u Tyx By + Tyyw(pra, T) + Tyxca + Ty Ly pcy)
Since we started the averaged an unaveraged system at the same place, we have
1Bont, /s, — Bony /|l = 0, and thus running the recursion backwards in n of the

above equation yields

15,5 = b,nll < it |20 2B (@7 | + £5)
+elavTe [y, (L BroTy + Lypwhy 4+ xha + Bps)
+uaTyx By + Tyyw(pta, T) + Tyxca + Ty Ly pcs)]

Using the sum of a finite geometric series yields

1—pTe/rp—-1

HEnE B EnﬂH S 1—,6% |:2'U'b,7a(n_1)Tb/ubu(a7ﬁ)“alu + 2/14)7W 11—
Hb Kb

_|_@LfﬁbTb [,ub (prbe,bTb + Lp,bhb + Xh’a + prb)

+uaTyx By + Tyyw(pta, T) + Tyxca + ToLppcs)]
(4.25)

where we recognized a term that was the same as the one we bounded in the

previous theorem and called d(k, o, 3), and thus defined

U(CY, ﬁ) - d<kmax<a7 ﬁ)a Q, 6)

where d and k,,., are defined as in the previous finite time averaging theorem.
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We now have a bound for the difference between the averaged and unaverged
trajectories every T/, steps. Of course, we want to bound the error between these
trajectories for other times as well. To do so, we once again use the contractivity
of the averaged system. Take k € {nT,/up, nTp/pp+ 1, -+, (n+ 1)1/}, then we

have

166 = buzy jy el < M (Brc1 + 6 fawp (Dr1, @r—1))
— (BnTb/m,,kq + ,ubfav,b(lgnTb/,ub,kfla akfl)) I
< Nb”fav,b([_)k—l; Ap—1) — fav,b(l_)nTb/p,b,k—la ap—1)||
< i Lgp|[br—1 = buty fpuy o1 |

Thus, stepping back in time until we get to nT},/u, gives

HBk - BnTb/Mb,kH < (:ubLf,b)k_nTb/ubHBnTb/ub - bnTb/#bynTb/#bH

Thus, if pup < LJI},, the largest difference between the interval and infinite averaged
systems will be at the beginning of the interval, and if p, > L;}), the largest

difference will be at the end of interval.

P (1L b)Tb/%l{“”ﬂ;}’} )T ~
||bk - bnTb/bekH S L 1_6Tb/ub |:2/“’Lb7a(n7 ) b/ﬂbu(a, ﬁ)”alH

1—ﬁTb/P‘b_1 c

2y =15 1=

+elsoTe [,U,b (Lpbe,bTb + Lp’bhb + Xha + Bpﬁ)
+uTox By + Tyyw(pia, T) + Tyxca + Ty Lppcy]]

The triangle inequality states that

10 — Ol < 1[0k = bz gy e | =+ 107, /000 — D

We recognize the term on the right hand side as what we bounded in the finite

time averaging theorem. Furthermore, we just discussed a bound on the second



91

term. Thus, we combine these two bounds to get

Tp/npl
{I—"b>Lf b}) 1— ﬁTb/Hb 1 c

b — by|) < okee) 2pury DT/ my (o, B) an || + 24y

1_3T0 I-a
+eP50T [y (Lyy BT + Lyphy + Xha + Bpyp)
+1aTyX By + Tyyw(pa, T) + Toxca + Ty Lppcp)] +
el ro [y (Lyp By Ty + Ly phe + Xha + Byp)
+uaTyx By + Tyyw(fta, T) + Toxca + To Ly pCo)
(4.26)

This is the bound we desired, but we must make sure that we never left the ball

within which our solutions were valid. Since the averaged system is contractive

Ibesall < BBl + bk, 00 Dl + =g+ 7= (420)

Now the triangle inequality tells us that
1041l < 11Dkl + [1x — byl
So we have from (4.26) and (4.27)

1okl < BENbu || + pyd(k, o, B)l|an || + =Sy + 1%

Ty/mpl I
(oLg ) > f’b})

/ 1 .
175Tb/ﬂb 2,“/ fYOC(n l)Tb/'ub'U,<O[ ﬁ)”alu -+ 2beyw

-«

+elTe [y, (L BrpTy 4+ Lyphy + xha + Byp)
+1ta Ty X By 4 Tyyw(pta, T) 4+ Tyxca + Ty L pco]] +
el [y (Lyy BTy + Lpyhy + Xha + Bpp)
+1aTyX By + Tyyw(pa, T') + Toxca + Ty Lip pcy)

Recognizing that this equation behaves in k like the bound from Theorem 3 with
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an added constant offset, we define k4. (a, 3) as in Theorem 3, and get that

[[on]] < ﬁkm“’(o"ﬁ)||51|| + i yd(kmaz (v, B), o, B)[|a1 || + (1—03?1—3) + 1?5
Ty /ppl —1
{Hb>Lf,b}

('ubLf’b)l—,BTb/ub 2/“7/704@ l)Tb/Mbu( )HalH + QIub’Y

1— gTb/ub L.
1-a

+elaeTe [y, (L, BroTy + Lyyhy + xha + Bpp)
+raTyx By + Toyw(pa, T) + Toxca + To Ly pes]] +
el toTo [y, (L p BpTh + Lypphy + Xha + Bpyp)
+uTyx By + Tyyw(pra, T) + Tyxca + Ty Ly pcy)

for any k. Thus, to remain in the balls in which our solution exists, we require

hy < B @O by || + pyyd(Kmas (0, B), o, B)lanll + =557 + 123

Tp/upl {Hb>Lfb})

nleps) I [0, B) | + 2

ﬁTb//"b 1 c
l1-a

+€Lf’bTb [,ub (Lp’bBﬁbTb + Lp,bhb + Xha + Bp’b)
+uTyx By + Tyyw(pa, T) + Tyxca + Ty Ly pcs]] +
ekreTo |1y, (LppBspTy + Lyshy + xha + Bpp)

+uaTyx By + Tyyw(pta, T) + Tyxca + Ty Ly pch]

which is the initialization accuracy required by the theorem. ¢ We now consider
an example in which we are interested in bounding the difference between the

averaged and unaveraged system over an infinite interval.

Example 4.4 (SFFBAC Infinite Averaging). We wish to use Theorem 9 in a
quantitative manner for the same system that we investigated on a finite interval
in Fxample 4.3. Noticing that we can still use all of the constants we calculated
for that example, we wish to determine what length the time windows, T and Ty,
should be to get the tightest bound on the difference possible. A plot showing the
averaging error versus T and T, for a particular ||ai|| and ||b1|| is shown in Figure

4.4. The plot shows the averaging error for different T in the top pane, and the
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Figure 4.4: Selection of T" and T}, in Example 4.4.

averaging error for different Ty, given that the optimal (associated with smallest
error) T is chosen in the first adaptive element. The minimum averaging error
over T' and Ty, is then taken, and Figure 4.5 shows that this averaging error bound

1s indeed correct, although terribly conservative.

It is important to notice the quantitative conservativeness of the bounds pro-
vided by this theorem, as was highlighted in the example. We derive useful qualita-
tive information from the theorem by noting that to decrease the error between the
averaged and unaveraged trajectories in the second adaptive element, one should

make both p, and p;, smaller. This is an interesting result, because it shows that
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in a general averaged SFFBAC designed with DaC, to guarantee that the error in
the second element small, we must turn down the step size in both elements. This
fact has interesting practical implications, because it argues roughly for decreas-
ing effective step sizes as one moves along the signal path in a series feed-forward
chain. Furthermore, since we needed the time variation to be on the order of the
step size in each of the adaptive elements, we can draw a further conclusion. Unless
the elements later in the chain are insensitive to error in the earlier elements, the
effective tracking capabilities in a series feed-forward chain exploiting averaging

decrease as you move forward in the chain.

4.2 Analytical Misbehavior Characterization

Now that we have given the conditions under which we can expect our SFFBAC
to behave, we would like to characterize what happens when these compounds
do not behave as we would expect or wish, that is, they do not converge to the
desired points. While lack of convergence does not necessarily cause performance
degradation or failure, if the desired trajectories were chosen to be at a maximum
performance point (a likely occurrence), then the overall performance of the mis-
behaving system can not be better than the behaving system, and it is likely that
it will be worse. One of the simplest ways to cause this to happen is to have a
desired trajectory in the first element which is periodic, but too fast and large
for first element to track (this can be accomplished by making the step size very
small). Thus, instead of following the periodic desired trajectory, the first element
stays near the average value of this trajectory. Since the first device’s adaptive
state is no longer convergent to its desired value, the second device’s adaptation

sub-element could behave non-ideally due to its dependence on proper operation
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of the first device. These are the ideas outlined in the next theorem.

Theorem 10 (Zero Manifold Movement in SFFBACs). Consider a simple
system built from two adaptive algorithms connected to each other in series feed-

forward fashion, as in Figure 3.1°.

g1 = ax + pufalar — a’)

b+1 = by, + 1 fo (bk, ar, vx)
Let f, be a continuously differentiable function such that f,(0) = 0 and o =

|1 + wadfa(0)|| < 1, where df,(0) is the derivative of f, evaluated at 0. Suppose

t - . . .
a;”" is periodic, with an average component of a*, such that

N+k

1
a* = N Z a?t vk
i—k
Define a function b*(k,a) such that
0= fi(k,b"(k,a),a) Vk,a €D (4.28)

We call b*(k,a) the zero-manifold of the adaptive algorithm. Define

Sba) Hb+ubﬁz;<_lcél:,(a£;)b‘*‘*<k,a)ll b4 b (k)
limy e 0 GG b= 07 (k)
and
Proe = o g(k,b,a) (4.29)

keN ,aeB* (ra), bEBy* (k,a) (rp)

with By (k,a) (1) = {0[||b — 0*(k, a)|| < rp} and By« (r4) = {allja — a*|| < r.} so that
we have

16+ o fo(k, 0, a) = b (K, a) || < Bro [0 — (K, 0|

®Note that we have dropped the explicit dependance on the input output equa-
tion of the first adaptive element here by defining f,,(k,b,a) = f,(b, g.(a, x))
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Va € Ba+(1a), b€ By (i,a)(rs)

We assume that the algorithms were chosen such that when the first element is at
its optimal setting a;”" the second adaptive element is uniformly contractive to bi*".
Thus 3ryhy such that By, ., <1 Vr, < hy and bzpt = b*(k, azpt), as is typically done

when using divide and conquer tactics. Also, assume

d
Tq > ||CL1 — CL*H + m + 6(:“/(1) (430)

and

rp > ||by — b*(a”, )| + (4.31)

C
]' - /87‘@,7‘[,

where we used the following constants

d= sup folfalar +a* — azpt) — df,(0) (ak +a* — azpt) |
aEBo(ha)

c=sup ||b*(k,a”) = b"(k+ 1,a")||
k
and the function, €(ug) is O(uq). If these assumptions hold, the first adaptive
element’s state converges to a ball around a*, whose size can be made arbitrarily

small by shrinking g, and the second adaptive element’s state converges to a ball

around b*(k,a*).
* k * d
s — ' < aFlar — o+~ + O,

[Bess = b (k4 La")| < 85, 16y — b (La") | +

c
e L= Brom,

Thus, as pg, — 0, it is possible that neither algorithm converges to its optimal
trajectory! Instead, the first element converges to the average, a*, of its optimal
periodic trajectory, and the second algorithm moves around in a zero manifold,
b*(k,a*) (see example 4.5 for an example of a zero manifold). Since it is possible

that neither adaptive element is at theiwr optimum point, there could be performance

degradation in the system.
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© We begin with the adaptive state equation of the first element.
(ppr = g + prafa(ar — a?’) (4.32)

To begin, we perform a change of variables in the two systems to make the origin
the point to which we are studying stability. To do so, we define a = a; — a*, and

substitute it in for a; to get
a1 = ak + pafalag +a* —a) (4.33)

Furthermore, we will base our result upon linearization, so we add a clever form

of zero to get
a1 = ap+padfa(0) (ak +a* — azpt)+,ua [fa(ak +a* — azpt) — df,(0) (ak +a* — azpt
from which we extract a term we label the ”linearization error”
ha,k) = fular +a” = ) = df,(0) (ai + 0" — a)
This enables us to write

W1 = i + Hadfa(0) (ar +a* — aZ”t) + pah(ag, k)

*

We define another system which removes the effect of the difference between a
and ai”".
dk—‘rl == a'k: + Nadfa(o)&k + Mah(dka k;)

We can use averaging theory, specifically Theorem 5, to relate these two systems.

We check the applicability of this theorem by looking at the total perturbation

p(k,a) =320 [dfa(0) (a+a” — ™) + h(a, i) — (dfu(0) + h(a,7))]
= Yy dfal0) (a7 — af™)
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which, considering (4.33), must be bounded, since a;” * is periodic and real with
average zero. We have just shown that assumption (2.16) of Theorem 5 holds,
where we are considering our ”averaged system” to be the one dealing with a, and
the unaveraged one the one dealing with a. We should also check the Lipschitz

continuity of the total perturbation, which is required by (4) for Theorem 5.

L

p

k k
pk,a) = p(k,a) =y _dfa(0) (a" = ai") = Y _dfa(0) (a* — af™) =0
i=0 i=0
Continuing on, the remaining conditions of Theorem 5 are
oy —ail <c

and a condition ensuring that the system remains within the balls (of radius 7,
and 1,) where our constants are valid. The first of these will hold with ¢ = 0, due
to the non-time varying nature of the point we are proving stability to, a*. We
will check the second condition at the end of the proof.

Assuming the Theorem applies, and we can bound the difference in the trajec-

tories between the two systems by

2 ot/
k1 — agea]] < m,u(Bp + Lph + LprT)e)‘fT

Since we know from the triangle inequality that
lakss — a*ll < lansr = ane | + aes — o’ (4.34)

we now focus on verifying that the second term in the sum is bounded. To do so,
we can use Theorem 1, considering h(ag, k) as a disturbance, which we uniformly
bound using

[h(ar, k)| <d = sup pallh(a, k)]
a€Bo(ha)



100

Theorem 1 tells us that the second term in (4.34) is bounded by

@xs1 — a*|| < o*llay — a*|| +
11—«

Since we are considering the same initial conditions for both the averaged system

and the un-averaged system, we have a; = a;. Using this fact, and combining our

bounds for both the terms using (4.34), we have

d 2 — l/n
laki1 — a*|| < oFfjay — a*[| + +

1—a  1-— aT/#M(Bp + Lph + LprT)e)\fT

(4.35)

This is our desired bound for the first element, indicating that, apart from some

linearization error, the first adaptive element converges to within an ball of a*
which can be made arbitrarily small by shrinking the step size, since d is O(fq).

Now, let us address the part of the theorem that characterizes the behavior in

the second adaptive element. To do so, we wish to quantify the distance from the

zero manifold, b*(k, a*).
b1 — 0" (k+1,a") = b + ppfo(k, by, ap) — 0" (k,a*) + b*(k,a*) — 0" (k + 1,a")
using the Triangle inequality and (4.29)
1bk1 = 0" (k + 1, a") || < Bro |0k — b7 (K, a®) || + (17 (K, a®) = b"(k 4 1,a%) ||
Defining ¢ = supy, [|b*(k,a*) — b*(k + 1,a")||, we have
b1 = 0" (k + 1,a") || < Bryn llbk — 0" (K, a7) || + ¢
and running the recursion and using the sum of an infinite geometric series gives

Bess = b (k4 La®)| < 5 by — b (La) | +

Ta,Th

C
e 4.36
1 - /Bra,rb ( )
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which proves that we converge to a ball around the zero-manifold, which is possibly
different from the desired trajectory, b%* = b*(k, a™").
The last item which we must verify is that we remained within the balls in

which our constants were valid. We do so using (4.35) and (4.36). Thus, we need

* d 2—alln AT
re > |lag —a¥|| + T o + = &T/uu(Bp + L,h+ L,BsT)e (4.37)
and
c
ry > ||by — b*(a*, 1)|| + ———— (4.38)
1 - /67@,7‘[,

for the theorem to hold. These are conditions (4.30) and (4.31) from the theorem.
To see that (4.30) <= (4.37), we must show that the last term in 4.37 is O(u) for
small enough p. This fact follows from the form we chose for a = ||I + pdf,(0)]|,
which, for small  and stable averaged systems is ~ 1 — ou for some constant p.
Given this information, we can choose T" in (4.38) to guarantee the last term is
O(p). Details for this technique can be found in the hovering theorem section of
[10].

To be complete, we ensure the reader is familiar with the constants used in the

equations above. For Theorem 5, we used the following constants.

By = sup |dfa(0)a+ h(a, k)]
k, aGBo(ha)

A= SUDy, ay apeotio | (@a(0)ar + hlax })) — (dfu(0)az + hlax, b)) |

< SUPY, a1 azeBo(ha) |Ua(0)l[[lar — as

Both of these exist due to differentiability of the averaged system. ¢

Example 4.5 (A Linear Misbehavior Example). Consider the following SFF-
BAC

21k
g1 = Qp — fa (ak — cos(m)> (4.39)
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2k
b1 = b — (bk —-1- <ak — cos (m))) (4.40)

Note that we have chosen to deal with linear systems here, because the results in
the theorem are obtained via linearization. This is convenient, because rq, T, = 00,
and we do not have to check the conditions verifying that we remained within a ball
where our contraction constants were valid, since that ball can be arbitrarily large
when we have used a linear system. Continuing on, we can conclude from (4.39)

and (4.40) that the optimal trajectories are

27k
ay cos( 100)
b =1

Our misbehavior predicts that, for small enough ., the first adaptive element will
converge to a small ball around a* = 355 S cos(35E) = 0. Also, our misbehavior

theorem predicts that the second adaptive element will converge to b*(k,a*). Using

(4.28) and (4.40) the zero-manifold in the second adaptive element obeys

0=b"(k,a) —.1— <a — cos (%))

This implies that the zero manifold in the second adaptive element is

s (0o (25

Thus, as we make the first adaptive element’s stepsize approach 0, we expect the

second adaptive element to move in the manifold

Figure 4.6 shows that this is indeed the case, by plotting the trajectories of the

system for several p, values.
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Figure 4.6: Misbehavior of two interconnected linear adaptive systems.
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Example 4.6 (A Nonlinear Misbehavior Example). To verify that the theo-

rem holds for nonlinear systems too, we now provide a nonlinear example with

W1 = i + o [(arx — cos(2mk/100)) + (ar — cos(27rk/100))3]

T

6" 16 (a — cos(27rk/100))>

b1 = by + pp sin (bk —

a? = cos(2mk/100)

opt 1
%= 16
0 = sin (b*(k a) — 17T—6 - 116 (ax — Cos(27rk/100))) (4.41)

Since we must have both a contraction and b*(k,a") = b, we pick a solution to

(4.41) which satisfies both of these conditions

b (k, ay) = 1”—6 + 116 (a, — cos(2rk/100))
99
(2mk/1 =
1002608 7k/100) =0

b*(k,a*) = 116 — % cos(2mk/100)

Figure 4.7 shows thats our conclusions from the the theorem hold in this case. In
particular, as you decrease the step size in the first adaptive element, it actually
converges to a constant, instead of the desired periodic trajectory. This misbehavior
in the first element then causes the second adaptive element to converge to a curve
different from its desired trajectory. Thus, this is an example of an interconnected

nonlinear adaptive system undergoing misbehavior as described in the theorem.

Thus, we have characterized one particular type of misbehavior in SFFBACs.
This theorem strongly suggests that step sizes need to be chosen carefully, since

decreasing them lowers the averaging error but also makes it harder for the device
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Figure 4.7: Misbehavior of two interconnected nonlinear systems.
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to adapt to fast time variations. Thus, in selecting step sizes, one encounters a
tradeoff between lowering the averaging error and the ability to track fast time
variations.

It is important to note, however, that the results in the theorem are essentially
linear. That is, nonlinear systems behave this way only to the extent that they
can be approximated or bounded locally by linear systems. There are other phe-
nomena, not mentioned in this thesis, which only nonlinear systems can have. One
important phenomenon, which we will not consider here, is bifurcation. In fact,
since we were interested in proving convergence within a local context, a great
portion of this thesis did not address some of the fundamental aspects of nonlinear
systems. This does not make the material presented in the thesis incorrect, or in-
accurate, or un-useful, indeed, the theory we have provided has done mostly what
it set out to do. Nevertheless, it is important to note other topics we could have

discussed, and oscillation are bifurcations are a couple of these.



Chapter 5
Application of SFFBAC Theory to

Simple Digital Receivers

Finally we have collected our arsenal of theorems with which to tackle a specific
SFFBAC behavior/misbehavior characterization. We will now use these theo-
rems to study the interaction between two separate adaptive elements in a digital
receiver. We consider two adaptive algorithm pairs, an automatic gain control

followed by carrier recovery, and timing recovery followed by equalization.

5.1 Application: Behavior of Gain Control and Phase Re-

covery

We now apply our conditions and theorem to a simple digital receiver architecture.

5.1.1 The System Architecture

Consider a simple QPSK digital communications system as depicted in Figure 5.1.
The source symbols a,, which are chosen in an independently and identically dis-

tributed manner from a QPSK constellation with unit power, are passed through

(=g | !
ak—e](2 4) :

| gt i ace | pr PR
1 |
1€{0,1,2,3} ned 4, AdaptiveReceiver
ng € Ll[—g, g)
st € Z/{[O, 7T)

Figure 5.1: A Simple QPSK Digital Communications System.

107
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a channel which scales, phase shifts, and adds i.i.d. zero-mean noise that is inde-
pendent of the source symbols. From the diagram, we can discern that the output

of the channel, x; can be written as
0 ‘
Ty = gre’ ay, + nk63¢k

The receiver then processes this input with the intention of keeping the power
delivered to the rest of the receiver approximately constant. To perform this task,
the receiver employs an automatic gain control, which forms its output y; by

scaling its input x; by its adaptive estimate of the optimal gain, g in
Yk = gnTr = Grgee’”™ + Gpnge’ "

The receiver then must compensate for the phase shift 8, which occurred in the
channel. To do so, it uses a phase recovery adaptive device, which de-rotates its

input with its phase estimate, ék to produce as output

2 = yke_jék — gkgkej(9k—ék) + gknkej(¢k‘ék)

5.1.2 The Adaptive Algorithms

There are a number of adaptive algorithms which the receiver can employ in order
to chose the processing gain, g, and phase, 0,. We will consider the following

automatic gain control algorithm [11]

Jk+1 = G + Hac (1 - §z|$k|2) sign|gx| (5.1)

We will also consider two possible choices for the phase recovery algorithm, a
blind algorithm and a trained algorithm. The trained algorithm exploits (unusual)

knowledge at the receiver of the transmitted symbols, ay, and is commonly referred
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to as a (trained) PLL [12]. Tt obeys the recursion
ék+1 =0, + (prlm {aZyke_jé’“} (5.2)

The blind algorithm [13] we will consider for phase recovery exploits the QPSK

constellation by using a 4th power nonlinearity in

o ~ A\ 4
Or+1 = Op + pprlm { (ﬁke_]9k> } (5.3)

5.1.3 Averaged Behavior

We now consider the averaged behavior of the two algorithms given our input
by calculating the expectation of the adaptive state functions (i.e. the expected
value of the portions of (5.1), (5.2), and (5.3) following u). For the automatic gain

control we have
Sy(gr) =E [1 — kg |are?® + nkej‘b’“ﬂ
=1 — (grgr + grE[|ne]?])
For the trained PLL we have
Se(g,0) =E [Im {a,tgkgkakej(akfék)}}
= Grgrsin (0, — 0r)
Finally, the blind fourth power phase recovery unit has the following expected

update
Se(g,0) =E [Im {(gkgkeje’“ake_je)4}}

= gigisin (4(0x — 01))
5.1.4 Average Contractive Fixed Points

Conditions 3 and 4 require the system to be contractive on average to the fixed

points of interest. To investigate these conditions, we now consider the fixed points
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of the averaged system, which are the points where the update, S, we calculated
above is equal to zero. These are the points where the adaptive element’s state
would stay if it reached them. Calculating the fixed point for the automatic gain

control, we have
1

S,(90)=0 = go=————
) =0 G

For the PLL, the fixed point, 6}, which zeros the average update is
So(g,0;) =0 = 0, =0, +mmnorg=0
Finally, the 4th power phase recovery has fixed points

Se(3,05) =0 = e;:eﬁ%, me N

Next we determine which fixed points are contractive, because the algorithm
will move to such points on average if it starts near enough to them. For each
stationary point we calculate a contractivity constant, and check if it is < 1 for
some region surrounding the fixed point of interest. For the gain control, the

contractivity constant is written as

q 1—a E 2 %
a(ry) = sup 9x + e ( Ik (g’f"*‘ [1n]°]) — gkl
(k,gi)EB | — g5

where

B={keN, gllgr— gil <ra}
Similarly, the contractivity constant for a fixed point, 8, of the Costas loop is

i + 1oGrgr sin (0, — 0) — 6;
Bu(ry) = sup |01 + 16Grg: S*Hl (71@ k) |
(k0)€C |07, — Ok|

and the contractivity constant for the 4th power phase recovery is

0 Gigtsin (4 (0, — 0,)) — 607
Balry) = sup 0k + 167195 SHi( (_ k—0k)) — 05
(k9% )€C 605 — 6k
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where, for both the Costas and the 4th power, the set which the supremum is
taken over is

C=1{keN, 010, —0;] <r.}

For the correct minima, 6 = 0y, we have for the Costas loop

] T
Be(rp) <1 — pogrgrsine(ry) 1 < 3 (5.4)

and for the fourth power, we have

: T
Ba(ry) < 1 — 4ppgrgisine(dry) < 1 (5.5)
where we have defined sinc(z) = Smf). This satisfies Conditions 3 and 4. Now

all that remains is to check condition 5, and then the remaining conditions will

stipulate the channels for which the receiver will work well.

5.1.5 Comparison Using Sensitivities

Next we investigate condition 5, and what it, together with Theorem 7, implies
about the comparative behavior of the two phase recovery algorithms we are con-
sidering. In particular, we wish to compare the two possible phase recovery schemes
based on their sensitivity to misadjustment in the gain (a concept similar to that
in [22]). Using the fact that the mean value theorem allow us to use the norm of
the derivative to determine the Lipschitz constant we have

_ 859(97‘9)
Xcostas < SUPgec geB HTQ

< SUDPgec gen Hgkgk sin (6, — k) ||
Similarly, we can take the derivative with respect to the gain of the Fourth Power

nonlinearity based carrier recovery scheme

Xan < sup [|4gig; sin (4 (0 — 0k) ) |
0eC,geB
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For the correct minima, 6 = 0, we have for the Costas loop

pogr sin(ry) 1y < G
Xcostas S 2 (56)

s
oGk T>Ty >y

and for the fourth power phase recovery

wedgigy sin(dry) rp < I
Xatn < wn : (5.7)
143, T<m<§

We can now use the sensitivities and the contraction constants we have cal-
culated to compare the bounds on the error in the averaged system for the two
phase recovery algorithms. Specifically, subject to some conditions, our theorem
bounds the error in the phase recovery algorithm due to misadjustment in the gain

X

algorithm by a constant proportional to 5 Thus, we compare ﬁ for the two

phase algorithms of interest. Using (5.4) and (5.6), we have for the Costas loop

X Hegrsin(re)
1 -8 pegrgrsinc(ry)

b e
- "<
Ik 4

and using (5.5) and (5.7), we have for the fourth power phase recovery

X pedgigtsin(dry,)  4n, T
= : =—_ T S
1 =0 dpegrgrsinc(dry) g "8

Thus, for r, < %, the 4th power phase algorithm is 4 times as sensitive as the
Costas loop to errors in the gain algorithm. This suggests that the Costas loop
is superior to the fourth power loop due to its higher robustness to errors in the
gain tracking algorithm. This comparison is not quite fair, however, because the
Costas loop needs to know the source symbols to operate, which on an infinite
horizon, is unlikely in communications systems, since the entire point is to transmit
information unknown to the receiver. Thus, the training segment will appear only

intermittently. Thus, the extra jitter (along with the extra stationary points of the
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blind 4th power scheme relative to the trained Costas loop) can be viewed as the
penalty paid for removing the need for sending training data, or data known to the
receiver. Since the theorem using x provides only an upper bound on the adaptive
state error, there is no guarantee that the upper bound will be tight. Thus, we
are led to wonder if the sensitivity we calculated actually can correspond to a
larger error (instead of only the possibility of a larger error). Figure 5.2 indicates
that this is indeed the case, since from it we can ascertain that the fluctuations in
the adaptive gain are causing noisy behavior in the 4th power nonlinearity based

carrier recovery scheme.

5.2 Timing Recovery and Equalization

We now wish to use the theorems we have developed to give us some insight into
the way a system employing timing recovery followed by equalization will behave.
The system which we are considering is diagrammed in Figure 5.3.

One expects that the timing algorithm, which is in front of the equalizer, will
affect the equalizer’s adaptation. We will use our theorems and some simulations
to confirm that this is indeed the case and to quantify their interaction. We will
use our observations to draw some conclusions as to how to choose good timing

and equalization algorithms and step sizes.

5.2.1 Exact Gradient Stability

We have shown in Theorem 6 that if the timing algorithm is exponentially sta-
ble to a "good” location, the equalization algorithm is exponentially stable to a
"good” location when the timing algorithm is frozen at its "good” location, and

the equalization element is continuous with respect to the timing phase, then when
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hooked together, both algorithms will be exponentially stable to their ”good” lo-
cations. Let’s see what Theorem 6 can tell us about how a power maximization
timing scheme followed by a least mean squares equalizer will behave. Since it
is for a disturbance free adaptive algorithm, to apply this theorem we consider
the noiseless, exact gradient case. Looking at Tables 2.3 and 2.5, we see that the

sensitivities are

Selo£(T1ge, £) = |gx|"Ellan”] ZRe{h [k, n)dh, ¢k, n]} + o

with
P-1 Q
heglk,n] => Y (k= DT +#)p((k — 1 = n)T + 7 — 1) fi
=0 i=1

for the power maximization timing recovery, and

Stirg0(£17,9,0) = Grme—mE[|a|2hz[k — m, k — 0] — 05 Gk ik

eI O-m =00 S Ellal?|hz[k — m, nlhalk — Lol fi + Sy Wi v f

with
P-1
h-lk,n] = Z ¢i(KT + 7)p((k — )T + 73, — 73)
i=0

for the least mean squares equalizer. Since we have chosen to use a series feed-
forward form, the output of the timing recovery is fed into the input of the equalizer
(see Figure 5.3). Thus, in the sensitivity for the timing from Table 2.3, we must
remove the equalizer. Furthermore, since there will be no automatic gain control
or phase recovery in our analysis, we must remove these from the sensitivity as

well. To do so, we can rewrite h:¢[k,n] from the last entry in Table 2.3 as
Q
helk,n) = (kT + #)p((k — n)T + 7, — (kT + 1)) (5.8)
i=1
for the time varying channel case, and

chp kE—n)T + Tp — ;)
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for the time-invariant channel case. The exact gradient descent for the power based

timing algorithm is then
et = T+ 1aEllan]’] > Re {hi[k, n]dh.[k,n]}

Continuing on to the equalizer, and remembering that we are investigating the

noiseless case, the expected update for the mth equalizer tap is
=

P—-1
fk:—i—l,m = fk:,m_l_;ubE |:’CL|2:| (h;k—[k —m, k— 6] - Z h:[k: —m, n} Z h’T[k - l?”]fk,l)

We now wish to establish whether or not the conditions of Theorem 6 hold in this

case. Define 7} to be a solution to

Y Re {hk [k, n]dhe [k, n]} ~0

To find a contraction constant (if it exists) for this stationary point, we must look

at
oS Re{h*[k,n]dh. [k, n]} — 7
0 —  sup |7+ pa >, Re {h%] ff] [k, n]} — 7l (5.9)
{rlllr—tll<ra} |7 — 7%l

Let’s consider the particular case of a time-invariant channel,
c(t) =0(r —3.1) — 0.26(7 + 1.27) (5.10)

which is plotted in the upper left pane of Figure 5.4. For this example, we use a
raised cosine pulse shape with roll-off factor 0.25, a BPSK source signal, and no
additive channel noise. For this case, we can use numerical techniques to calculate
the stationary points and to test for contraction constants for each stationary point.
In the upper right pane of Figure 5.4, we plot the sensitivity function for various
values of the adaptive parameter. From this plot, we can determine the stationary
points, since they will be the values of 7 that zero the drawn curve. Then, we

plot the function that we took the supremum of in (5.9) for each stationary point
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Channel Impulse Response Contraction for Diff. Stat. Points
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Figure 5.4: The constants involved in applying Theorem 6 to a timing equalizer

system.

in order to determine if this stationary point has a contraction towards it (these
are the dotted lines). Any fixed point that has a region surrounding it in which
its dotted line lies below one is a locally stable fixed point. Note the ”u-shaped”
nature of the lower dotted line, which indicates the contraction constant grows as
we move away from the minimum in the timing algorithm.

To apply Theorem 6, we also need to investigate whether or not we have a
contraction in the equalizer (the second element) when the timing (first) element

is at its stationary point, and we need to determine the Lipschitz constant which
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indicates the sensitivity of the equalization algorithm to the timing parameter.

The first of these involves looking at

5, = £ + ppSe(77) ]
Tose=g<n,  |1E— £

where f} solves

St (£1]77) = 0 (5.11)

To find the solution to this equation in a compact manner, introduce the P x P

matrix Ry, such that
(Rul,y = S hzlk — i mlhalk — j, ]
Also introduce the 1 x P vector P such that
[P]; = hp«[k — i,k — 0]

Then, the LMS sensitivity can be written as

S;(f) = Ellal’] (P — Ruf) (5.12)
Assuming Ry, is invertible, we can solve (5.11) for £, getting

fi =R, 'P (5.13)

Recall that we are interested in finding the contraction constants. Thus, we are
interested in relating ||f — £7]| with ||f + uE[|al’] (P — Ruf) — £f||. Rearranging

terms in the second expression and substituting in (5.13) gives

If — £ + wE[|al?]Ry (R, 'P —£) || = ||If — £ — wE[|a]*| Ry (f — £7) |

= | (I — mwE[lal?| Rn) (f — £) |

If — £ + pEllal| Ry (B, 'P — £) || < |1 — wEllal*]Ral[If — £]]
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where the reader is expected to be able to deal with the sloppy notation.! Thus,

we see that will have a contraction if
B =11 — wE[la’| Ry < 1

This is a condition we can easily check. This equation also shows for LMS, that

if we have a uniform?

contraction, then it is a global uniform contraction, since
Ry, is the same for every equalizer, f. This is a special property of LMS3, which
leads to its nice global convergence under mild conditions. We can determine
both the stationary point and the update using numerical methods too. For the
particular example channel we are investigating and our particular step size and
timing recovery timing algorithm, a two tap real LMS equalizer has a contraction
to the optimal location given by (5.10) with rate 5 = .9985.

Finally, to determine the Lipschitz constant that indicates the equalization

algorithm’s sensitivity to the timing parameter, we look at

1o || Sty (£]€1) — S (£1€2) |
517§2€B+: ||§1 - §2||

X""a -

Substituting in (5.12), we have

ol [E[lal*)(Pr1 — Ry £) — Ella?](Pr, — Ripf)]

X = sup
T1,T2 ||Tl - TQH

Y < sup [s|Eflal?) (P, = Pry |l + [ By — Bl
- T1,T2 “Tl - TQH

which is a form that is good for numerical calculations. This is a function of 7
and 75 which we must take the supremum over within the ball of size r,. This

Lipschitz constant, is shown as a function of the size of the ball, r,, which we

!There is an linear operator norm implied here. It has the usual definition:
JA]l = suppg_y | AX|

2remember that R, depends on the current time, k

3and other algorithms with linear updates (quadratic costs) in the parameters.



0.1

0.08F

0.06

0.04

0.02

0.8

0.6

0.4

0.2

120

|T—T*—k|
— actual
+= 1+ pound |
1000 1500 2000 2500
Time
[[f=f ||
"\‘ — actual
- s, = bound |
\-
\1
.,
| ~ .
| | | |
500 1000 1500 2000 2500
Time

Figure 5.5: Theorem 6 applied to a digital receiver containing an equalizer and a

timing recovery unit undergoing exact gradient descent.

restrict ourselves to in the bottom left pane of Figure 5.4. Furthermore, Figure 5.5

shows that the bound provided by Theorem 6 is indeed working.

5.2.2 Inexact Gradient Descent

However, since they are often stochastic gradient descents of some cost function,

many adaptive equalization and timing algorithms are not exponentially stable:

usually, only their averaged system has such a property. Thus, we wish to use

averaging theory to quantify what sort of deviations from the averaged trajectory
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we could have. Continuing with the two algorithms and channel example we had
previously, we now use the stochastic gradient descent form of the two algorithms.
Referring to Table 2.2, for the power based timing recovery the unaveraged adap-

tive state equations becomes
7A'k+1 = 7A'k + ,uaRe {y*(/{}T + ?k)dy(/{?T + 7A'k)}

and, referring to Table 2.4, the unaveraged adaptive state equation for the LMS
equalizer is

fkz+1 = £, + Ha <ak—6 - I“ﬁk) ry
where

ykT + 1) = Gre % 3 a0 Sy 5% ci((k = DT + 7)

p((k—=1—n)T + 7, — 1) fi +vg

(5.14)

and

. Q
G I0m Z ay, Z ci(mT + 7)p((m — n)T + Ty — Ti) + Uy
; melk:—1:k—P+1]
(5.15)
Once again considering that our receiver will contain only timing recovery followed

by equalization, (5.14) and (5.15) become

y(kT +7) = Zaanz KT + #)p((k = n)T + #u — 1) + vy (5.16)
Q
r, = Z ay, Z ci(mT + 7)p((m —n)T + 70y — 7)) + O
n 1=1 mek:—1:k—P+1]

Let us further simplify the model by removing the noise, vy.

Tea1 = T+ paEllanl’] Y Re {hS[k, njdhq [k, n]} + paEllol’] Y gz [k, Cldgs [k, C]
n ¢
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fk—l—l,m = sz,m + :U/bE [|a|2] (hj—[k - m, k — 5] - Zn hi[k —m, n] ZP;_()1 hT[k - lu TL]

Fut) + i Blloe?) 70 o aell = m, Clalk = 1,.CLfe

We wish to use the SFFBAC Hovering Theorem on this binary adaptive compound.
To do so, we must calculate some parameters and verify some assumptions. The

parameters which we must calculate are

e The averaged error system and unaveraged error system for the

timing recovery

N
fola) = Jim 3 G
To get this, we need to choose a desired trajectory. Operating under the
assumption that we designed the adaptive element by stochastic gradient
techniques, as is the case with power based timing recovery, we choose the

stationary points of the averaged system to be the desired points. Thus, the

trajectory 7; solves

Ellan|?] 3 Re {hi [k, nldhs; [, n] } + proElJoel?] Y sk, Cldgse [k €] = 0
n C

as with the case of the disturbance free timing equalizer system, we will resort
to numerical techniques to calculate this, since it is analytically messy and
difficult to solve when the received signal contains more than one multipath
component. Once we have determined, 7;; numerically, the averaged error

system becomes

Tt = 7+ paEllanl?) X, Re s, oo b, nldhey 5[k ]}

+/~LaE[|Uk|2} Zg A7y +7} [k?7 C]d%ﬁﬂj [k% (] + 7 — 7:1:;1

(5.17)

and the unaveraged error system becomes

Tt = Tk + paRe {y" (KT + 7o + 70)dy (KT + 7 + 70)} + 7 — Ty (5.18)
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e The averaged error system and unaveraged error system for equal-
ization
favp(b,a) = hm —Zszba
To get the averaged error system for the equahzer, we use the averaged
system and a desired trajectory. Once again, we proceed assuming that the
equalizer has been designed with a stochastic gradient descent mindset, as is
the case with LMS. In this case, the averaged system’s fixed points determine

the desired trajectory, and f}; solves

(i (10} (il =,k = 8] = 52, bk = ] S0 ol = 1,
o BlJon?) S S aslk = m, Clag [k = 1.¢lfur) = 0
Proceeding as we did in the disturbance free case, we rewrite this system in
a matrix/vector description. First, we define a P x 1 column vector, P, ,

and a P x P matrix, %, ; such that
I:PTkyk]i =E [|a’2} hT* [k - i? k — 5] (519)

I L Do e X I

" E[|Uk|2] ZC %’—i—f'[k B Z.’C]q:++[k _j’ C]

to make the averaged system

fri0 = i + 10 (Prk,k - Rm,ksz>

Recalling that we want the desired equalizer to be the stationary point of the
averaged equalizer system when the timing recovery is at its optimal point,
f; solves

fy = R Pi (5.21)

Tk’

Using this as our desired trajectory gives an averaged equalizer error system

fk—&-l = fk + b (Pfrk,k - Rm,k (fk + f;)) + fl: - f;:+1 (522)
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and an instantaneous equalizer error system

fo1 =T + 1 (%—5 — 1y (fe + f;;k)) r, + 1 — (5.23)

Boundedness of time variation of the desired timing signal.
Vit — 3l < ca VR
¢, 1s a constant which we will have to find numerically after we solve for 7.
Boundedness of time variation of the desired equalizer.
15 — £l < e
¢y is a constant which we will calculate numerically using (5.21).

Contraction of the timing adaptive element to zero error

lar + pta fav(@r) || < o]

We will find o numerically, and show how it grows as the ball of interest

around 7, grows.
Contraction of the equalizer to zero error, given perfect timing
18 + 126 faw s (br, O) || < 31|

Using (5.22), we have

5= max Ifi + 116 (Pir i — Rer i (£ +£7)) ||
k1] <re ]

substituting in (5.21) gives

1 — Ry f |
= ma ’ < max |[] — pp R
ﬁ k7HfH§7"b HfH = kX H Kb Tk:kH
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e Total averaging perturbation for the timing recovery

nT/u+k

puryu(kya) = Y [f(i,a,2:) = foul(a)]

i=nT/u
To get the total perturbation for the timing recovery, we subtract (5.17) and

(5.18) to get

puryu(k,m) = ST [Re {y (KT + 7+ 77)dy(kT + 7 + 7))}
0] T, Re {h;% [, n]dhr e [, n]}
—E[|un’] 3o¢ Griaz [k, Cldgr 2z (K, C]}

Using (5.16) we know that
YT + 7+ 7) = Y anhrss [k, 1] + v

where
Q
heiaplbonl = D (kT + 7+ 7)p((k = n)T + 7+ 7 — 7)
=1
SO we can write
kor)= S utk Re{a* a, bt .[k,ny|dh [k
pnT/,U( 77—) - Zi:nT/u an 277,2 e a’nl Qny T+7A']:[ ’nl] ’7'+’7'1:[ ,TLQ]
0, Una 5 [ 71 5 [ )
CE[Ja] 3, Re {h;ﬁ: e, n]dhr s [, n]}
—E[J0rl?) S grong [ Cldar g[8,

Rearranging yields

puryu(k.m) = L S, D, [Re { (a7, an, — Ellanf?l3n1 — na)
Wy sk, maldher iz [k, nao] + (0% vy — E[|0g]?]0[n1 — na])
q:++; [, nl]dq7++; [k, na] H
which is the total perturbation for the timing recovery averaging approxima-

tion.
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e Lipschitz continuity for the total perturbation of the timing recov-
ery

[Pnz (ks 71) = Py, )| < ApllT — 2]

Beginning with the calculation, we have

Ap = M7 roeBo(ra) Z?Tﬁ%@ 2 ns 2omy Tri—mall TQH [Re { (a5, an,
~Ellan]0ln — mal) (2,4 [ 1) dhr, 5 o)
g B ey R, ma] ) + (v o — ElJui )8l — m)
(G5 [ )y [ o [ 1 e o] )
Introduce the following symbols @,q, = maxy j aja; and vy,q, = maxy ; v;v;.

Then we have
n k

Ap S MK 1y mocBo(r) Sorenie Loy Soms Tra [(@maz — Ellan|?)0[na — o))

) W2 ey )R, s [ mo] — B2 o [ 1] gy e [ )

1 +‘r ‘1'2+7A',;k
+ (Vimaz — E[|Uk|2]5[n1 — ny))

q;%;; [k, nl]dQnJr%,: [k, ma)

C]iﬁ%,j [, nl]dquJr%; [k, o] m

which is the formula we will use to numerically bound this Lipschitz constant.

e Total averaging perturbation for the equalizer

k+nTy /e

pTL(k?ba a) = Z [fb(i>b7 ga(avxi)) - fav,b<b> CL)]

i=nTy/
Subtracting the update functions in (5.22) and (5.23) gives

k+nTy/ e

palk £, 7) = D [(Pri— Rei (F+1£) — (aims — vL,(F+£)) r7]

i=nTy/pp
e Lipschitz continuity of the total perturbation to changes in the

equalizer

||pn(k‘,f1,7‘) —pn(k’,fg,T)H < Lp7b||f1 — fg” Vfl,fQ & B()(hb) Y1 € B()(ha)
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In order to simplify matters, let us assume differentiability of the adaptive
state equation, since the example we are dealing with is differentiable. In

this case, we can write

k+nTy /1y * T * *
_ O[(Pri— Rei (F+£7)) — (a5 — ro,(f+1; ) ryi]
o = | 2 it

i=nTy/pp

L

which, using some properties of matrix differentiation, becomes

k+nTy/pp
L,, = max i = A
p,b feBo(hsy) 2:7%;//“’ ( | )

where we have introduced the P x P matrix A whose elements are [A],, , =
Te—mTk_n. NOte that this gives us an easier form with which to calculate the

Lipschitz constant numerically.

Lipschitz continuity of the total perturbation in the equalizer to
changes in timing

Hpn(kuf7 7-1) _pn(k7f77—2)H < XHTl - T2H vt € B(](hb) VTDTQ S Bo(ha)

assuming differentiability with respect to 7, which we have in the example

we are considering, we can write

k+nTy/ b % T -
oP,; OR.; ort, or] (f+f£)r:,
< v 5 f f* - - T, T, 1 T,
X , Z or or (F+£) —ais or + or
i=nTy/pp

Recalling (5.19) we know

[%] — € [|aP] dhysre [k — ik — 3] (5.24)
T .

7

and recalling (5.20) we know
OR,, i . . .
Tt] = EllaPI X, (dhi [k — i nlhegslk — jn)
+hi ik — i, n)dh, [k — j,n])
+E[|'Uk|2] Zg (dQT-i"f'[k: - i, C]Q:Jrf—[k - jv Q]

+qrislk — 4, CJdgt [k — 7,¢)

(5.25)
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and using some elementary properties of matrix differentiation, we have

orl (F+£)ry 8"21' T ory;
ot = e (e e (P £7) 5

= (r;k'zagf + 871 TZ) (f+fz*)

where

ar’r,i .

W = Z anth_FTr*n [m, n] + Z Uiqu_;'_Tr*n [m, Z]
me[k:—1:k—P+1] n 7

We now have all of the terms which we need to calculate the Lipschitz con-

stant. We shall calculate them numerically for the particular example we are

considering.

k+nT; Tl 8RT,i
X < HZZ :Tbb//:bb ( :—z aT + or Zz_ o7 )H ||f+f*||

k+nTy/pwy [ OPr; ory
+ HZi:nTb/#b or @i—s or

k4nT, 8 TZ OR;;
X< sz 7:LTbb//lib ( ‘tl 81- _'_ or Zz_ o )H Hf"i_f*H

k+nTy/up (0P
+ HziznTb/ub or i— 5 87’

We separate this into two terms, one which remains even when the equalizer

is at its optimal location, and one which is proportional to the error in the

Equalizer, which we have bounded by r.

X < Uk, 7)|f + £ + Pk, 7)
< Wk, 7)1 + 1f&ll) + (%, 7)

< Uk, 7)(||1E5| + 7p) + (K, 7)

where

k+nTy/ *
ort.  orr. ,
w(kr)=| 3 ( Iy rmrT._aRm)

, Fri 87‘ or ™t or
i=nTy/p

k+nTy /1y
8PT,i ar:’,i
(k) = Z ( ar )

i=nTy/pp
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(K, 1)

Figure 5.6: The two functions determining the Lipschitz Constant that gives the

sensitivity of the total perturbation to the timing recovery.

These two functions are shown in Figure 5.6. Note that the size of the total
perturbation depends on the length of time we are considering, since the

function is growing with time.

e Boundedness of total perturbation for the equalizer

||pn(k:7 07 O)H S Bpab

k+nTy /e

lpn(E,0,0) < || > [(ai—s — rL£7) 7]

i=nTy/

We plot this for the example we have chosen in Figure 5.7. We can see

that we could conservatively bound p,(k,0,0) with B,, = .01. Note that,
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Figure 5.7: The Total Perturbation in the Equalizer Over Time

numerically, this particular bound is very sensitive to errors. That is to say,
if the accuracy in our calculation of f* and 7} is not very good, then there
will still be some mean gradient attempting to push us to the exact f;, and
this will show up as growth of ||p,,(k,0,0)|| over time. Within the accuracy
of the simulations used (0 ~ 10~7), Figure 5.7 shows that over a reasonable

time frame the total perturbation does not appear to grow.
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e Continuity of Averaged Equalizer to changes in timing

1bs + 116 faob (i, @x) — (Bk + b fav,p (b, C_lk)) 1
= ’Mb|||fav,b(l;k7 C_Lk) - fav,b(l;ka EL;;)H S /’Lb/-)/”a/k - C_L;gH

We had that the averaged error system for the equalizer was given by

for1 =8+ o (Pr — Ropse (B +£)) + £ — £,

Thus, we can use (5.24) and (5.25) to find this Lipschitz constant as well.

aPT,k o aRT,k
or or

|

Now that we have calculated the parameters, we wish to see if the SFFBAC Hover-
ing Theorem applies to this situation. Our hovering theorem tells us that, since we
have no time variation in the desired trajectories in this case, as we shrink the step
size to zero, the true system trajectories should approach the desired (averaged
system) trajectories. Figure 5.8 compares the averaged and unaveraged trajecto-
ries for several pairs of . The fact that the smaller pairs of p values have error
closer to zero verifies that the qualitative information provided by the theorem is
true. Figure 5.9 compares the bound provided by the theorem with the actual

error between the actual and desired trajectories.

5.2.3 Misbehavior

Finally, our misbehavior theorem predicts that, if we make our timing algorithm
move so slowly that it can not track a desired periodic trajectory, we have the
possibility that the equalizer parameters will move periodically in a manifold away
from the point that was chosen as to have ”good” performance. We wish to inves-

tigate what this means in the case of a particular timing-equalizer pair. Instead of
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averaging error in TR
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Figure 5.8: A trajectory locking SFFBAC example from digital receivers.
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Application of Theorem 9 To Power Based TR
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Figure 5.9: Bounds compared with actual parameter descents for p, = 1073 and

11y = 107 4.
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calculating the relevant constants, this time, we merely verify their existence, and
then use u shrinking arguments. Since the bounds provided by even the averaging
theorems are typically not very tight, this is a more typical use of this type of the-
orem. Once again we consider a power based timing recovery followed by a LMS
equalizer. All of our Lipschitz and boundedness properties are guaranteed by the
fact that we have chosen two continuously differentiable adaptive state functions

4. The remaining

with respect to both the equalizer and the timing parameters
difficulty is only to ensure that the averaged adaptive element state functions are
contractive to zero error. We have already established this fact for the Power-
based timing recovery followed by a LMS equalizer for a particular timing offset
and channel combination in Section 5.2, and we use the same set up here, only
now with a slow variation around the fixed timing offset we previously had. We
then verify for this example via simulation that we see exactly what Theorem 10
predicts. Looking at Figure 5.10 we see just what our theorem predicts for a tim-
ing step size which is too small. The timing recovery does not track the sinusoidal
timing offset quickly enough, and settles in near a constant timing parameter.

The equalizer then moves in a zero manifold, fluctuating around its desired values

(which are the means which we have subtracted).

5.3 Conclusions

We see that, while we want smaller step sizes to decrease averaging error in adaptive
devices, we pay a price for a smaller step size of decreased ability to track time

variation. The misbehavior shown in Figure 5.10 is a perfect example of this

‘Differentiable = Lipschitz continuous on a compact set (ball) and continuous
= bounded on a compact set.
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Figure 5.10: Misbehavior in a Power based timing recovery scheme followed by

LMS equalization.
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phenomenon, where almost all of the averaging error is gone, but both the timing
recovery and the equalization do not move to their desired points, since the timing
recovery can not track the time variation in the timing offset fast enough. The
important information that our analysis has given us is that the inability of the
first element to track its desired point can cause the second element to misbehave.
The tendency for such a phenomenon to occur has been linked, [22], to the size
of sensitivity (y or pp7y) through Theorems 7, 8, and 9. And from this, we can
deduce that algorithms with lower sensitivities (but the same stationary points)
will be better second elements in SFFBACs. We investigated an example of this
phenomenon in section 5.1 by comparing two schemes for carrier recovery in a
digital receiver that contained an automatic gain control followed by an carrier

phase recovery.



Chapter 6

Results Summary and Conclusions

We began this thesis by introducing the notion of an adaptive element and pro-
viding an arsenal of theorems to characterize the way adaptive elements behave
from a deterministic stability theory standpoint. Examples of adaptive devices
found in digital receivers were then analyzed, removing any assumptions about
idealities in other adaptive processing in the receiver. We saw that in general,
the behavior of adaptive state equations for adaptive signal processing elements
commonly found in adaptive receivers depends on the other adaptive devices that
are included in the receiver. Then, referring to an appendix containing quotes
about the interaction of these devices which suggested a lack of a general theory,
we found practical evidence that engineers encounter interactions among adaptive
elements in the systems they build.

We were then inspired to investigate the way that multiple adaptive signal pro-
cessing elements behave when they are connected together. To begin an attack of
this large problem, we selected a particular binary adaptive compound structure:
the series feedforward binary adaptive compound (SFFBAC). To characterize the
behavior of SFFBACs, we provided a set of qualitative guidelines that guaran-
tee proper operation. We then showed that these qualitative guidelines could be
connected to rigorous mathematical quantitative guidelines, and derived a version
of all of the theorems in the single algorithm case for the SFFBAC case. Along
the way, we gained insight into the way the two adaptive elements in a SFFBAC
interact.

From our theoretical work on SFFBACs, we learned that both jitter from dis-
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turbances as well as averaging error from the earlier element in a SFFBAC can
couple into the second element’s state and produce jitter, through a sensitivity
constant x (aka p7y). This suggests that second elements which are less sensitive
to the first element’s parameters with equally good stationary points were better
than those that are more sensitive. From an averaging theory standpoint, the cou-
pling of averaging error in the earlier adaptive element into later adaptive elements
indicated that the step sizes chosen in the first element in a SFFBAC affect the
jitter in the second element, which argues for decreasing (effective) step sizes as
you move further along down a chain of serially connected adaptive elements.

We also provided a characterization of possible misbehavior in SFFBACs, where
the adaptation (or lack of adaptation) of the first element caused the second el-
ement to misbehave. After we proved this theorem, we showed an example in
which two digital receiver components, a timing recovery unit and an equalizer,
underwent the misbehavior described in the theorem.

Now, we sit at the border between past and future work.



Chapter 7

Future Work

The results in this thesis can be extended in a multitude of ways. First of all,
one could investigate more fully specific systems which employ distributed adap-
tation. We could continue on characterizing the behavior of particular types of
signal processing pairs. Possible pairs from digital receivers to investigate include:
automatic gain control and phase correction, auto-regressive whitening followed
by CMA equalization, adaptive beam-forming followed by adaptive equalization,
beam-forming and power control, gain control and echo cancellation, etc. Each
of these applications of the theory could serve as motivating examples with which
to extend the basic results provided here to more specific situations. While such
extensions would inevitably narrow the applicability of the results, they could also
serve to broaden the implications of the theory.

More fundamentally, the characterization here of the behavior of series feed-
forward binary adaptive compounds is far from complete. The theorems provided
here all gave sufficient conditions for good behavior. Thus, an interesting topic
would be to explore conditions which are also necessary for good behavior. When
addressing questions of necessity from a nonlinear stability theory standpoint, one
inevitably encounters Lyapunov techniques [8], [6], [7]. Thus, an immediate, and
important, enlargement of this theory is to develop and include the relevant the-
orems for using Lyapunov techniques to describe the stability of adaptive com-
pounds. Since there are a wealth of Lyapunov based results for single adaptive el-
ements, the majority of the relevant work would be to extend the ideas to consider

the coupling of two adaptive systems. Here, a large body of dynamical systems
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literature could come in handy.

Yet, the study of series feed-forward binary adaptive compounds need not be
done entirely from a deterministic stability theory mindset. Continuing from a
dynamical systems mindset the first natural (and probably necessary) alternative
method of viewing this problem involves using stochastic tools. Many of the the-
orems that have described stochastic adaptation for just a single algorithm are
developed with techniques similar to the proofs used in the deterministic theory,
characterizing stochastic adaptation by describing the evolution of means and vari-
ances. Yet, when we add stochastic concepts, we have not only moments, but whole
densities, which often can not be found in closed form, to deal with. The rigorous
theory of the behavior of stochastic difference equations is still somewhat in its
infancy, and thus, along this route it would be possible to conduct some difficult,
yet broadly impacting research.

Yet, one need not study the behavior of adaptive compounds through the dy-
namical systems magnifying glass alone. There are a number of other fields of
research which can be directly applied to this problem. If we look at the dis-
tributed adaptation as competing optimizations, immediately a framework for
game-theoretic discussion pops out. Thus, it could be fascinating to investigate
applying game-theoretic ideas to binary adaptive compounds.

Of course, whatever one does for specific binary adaptive structures, SFFBACs
for instance, one could investigate for other structures. Once one is considering this
problem along the structural level, the possibilities become endless. A researcher
who truly understands the way several adaptive elements will behave when hooked
together ought to have great insight into the study of complex adaptive systems.

Once one can do adequate research in this realm, one could begin to investigate
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anything from the economy to the human visual system. The possibilities are

endless.



Appendix A
Sensitivity Analysis for Digital

PAM/QAM Receivers

In this appendix we provide the derivations for the sensitivity functions listed in
Tables 2.1-2.4. For sake of brevity, we define the input to the following algorithms

to be of the form

T, = gre’’" > " anhs, g [k, n] + v (A1)

where the impulse response is given by

P-1 Q
heg =Y ci((k—DT +#)p((k —1—n)T + 7 — ) fy (A.2)

We will remove the adaptive state of the device (e.g. timing recovery, equalization,
etc.) which we are studying from this equation when we calculate a particular
algorithm’s sensitivity. Furthermore, if the system of interest does not use one of
the devices we’ve included to process the input to the device of interest, we can

simply remove that devices parameter from the input equation.

A.1 Gain Control

We are now considering adaptive algorithms that adjust the gain. Using A.1, the

general input to a gain control can be written as
T = IOk Z anhs, g, [k, 1] + vy (A.3)

where hs g [k,n] is defined as in (A.2). Using this input, we now develop the

sensitivity function corresponding to (2.29)
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Sg(é, 7,f,9) =E [(g,%\xk\z — d) sign[gk]} (A.4)

One of the key terms in this expectation is

E[|zx]’] =E [(Z ane_jékhﬁf[k:,n] + e‘jévk) (Z a;;zejé’“h;f[k,ng] + ejékv,j)]

n n2
which, under standard assumptions of iid zero mean source symbols that are un-

correlated with the iid noise, becomes
E [Jexl*] = Ellal®) > lhs e[k, n]* + E[Jo]]

Substituting this into (A.4), we have

Sy(0.7.£,9) = (gi (E[Ia!2] D sk, n]* + EHU|2]> - d) sign[gi]

which is the sensitivity function for the automatic gain control that we will be

considering.

A.2 Carrier Phase Tracking

Next, we turn to calculating sensitivity functions for some of the algorithms listed
in Table 2.1 that adjust the carrier phase. A general (possibly processed by all of
the other adaptive elements we are considering) input to a carrier phase recovery
unit is

Ty = Gk Z anhz, g, [k, n] + vp
where hs, g, [k,n| is defined as in (A.2). Now that we have defined the input, we

begin by developing the sensitivity of the trained QAM Costas loop

Se(0,7,f,9) =E [Im {aZe‘jéxk}]



144

P-1
S@(év 7A-7 f7 g) =E [Im {aze_je <gk Z anhf,f[k:7 TL] + gk Z Uk—lfl) }]
n =0

5 lo —a], gives

Using the property of complex numbers, Im{a} =
1E [a*e*jé <g S anhsglk,n] + gr Sor o o f)
3 k k 2 _p Anllz £{R, 9k 2 1—0 Vk—1J1
—ae’? <9k > anhi e[k, n] + gi Zf:?)l UZ—lfl*>]

Using standard assumptions of a zero mean iid source uncorrelated from zero mean

89(0A77A_7f7 g) =

iid noise gives
S0(6,7,£, 9) = nEllal*)im { e=n o[k, 4]}
writing the imaginary part operation another way gives

S0(6,7,£,.9) = hEllaf?] |haelk, K| sin ( Lhs g, k] — )

Which is the sensitivity function for the trained Costas Loop, which is the first
entry in Table 2.1.
Next we attempt to derive the sensitivity function for the last entry in the

Table, which works well for QPSK and okay for QAM16
So(0,§.£,7) =E [e(k)|9,§],f,%} —E [Im {xﬁe—j@}] (A.5)
To simplify the ensuing discussion, we first determine one of the important terms
Elzj] = E [@ﬁ (Zn D2 2 Uk 1Qk @l ¢[K]
FAUE Y D0 2o k1Ol ¢ [K] (A.6)
A0S 5, ko mk 2 g K]+ 403 X, anpheelk] + 0} )|

Efot] = gt (X0 X0 S X, Elak-nan-1akmap—p) b o[k

(A7)
HAE [02) 32, 22, E ok man-p] 12 4[] + E [vf])

E [fi] = Zn E [aifn} h%,f[k] +3 Zz Zm;ﬁl E[a%]E[agn]hé,f[k‘i]_{_
AE [vg] 32, Elag—m]h2 ¢[K] + E [vy]

(A.8)
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Assuming that the noise, v, is circularly Gaussian makes E[v?] = 0 and E[v}] = 0,
so we have
E[ok] = DB [ahn] higlk] +33 D ElaflElanhielk]  (A9)
n I m#l

Also, if we assume the source constellation is such that

e the variance of the real part is equal to the variance of the imaginary part

(symmetric constellations)
e the real part of the symbols are chosen independently of the imaginary part
e the real part and the imaginary part are zero mean.

as is the case with many constellations (square QAM, etc.), then, we have E[a?] = 0,

and
Efr}] =) Elai ] hilk] (A.10)

Now we use this fact and the assumptions to get the sensitivity function

So(6,5.£,7) =1 (E |:5L’i6_j49i| LE [(Ii)*eMéD

= [E[a!] 3, hd ¢ [k, n]| sin (4 S bl n] + ZE [a?] — ék)
(A.11)

A.3 Timing Recovery

We will begin by calculating some sensitivity functions for the update terms in

Table 2.2. Many of these update terms use the signal

) P-1 Q
y(kT +7) = gre "> " an > Y (k= DT + 7)p((k — 1 = n)T + 7 — 1) fi + vi

=0 =1
(A.12)
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Which has been written to include the effects of the other parameters (under the
same assumptions on slow movement as for carrier recovery) on the timing update
function.

We begin by deriving the Mueller-Mueller sensitivity function

A~

S:(7,0,£,9) = E [Re {aj_yy(kT + ) — aiy((k = VT +7)} 17,0.£,5)  (A13)

P-1 Q

E [0} y(kT +7)] = gee 9%E[|al?) SN ek = DT +7)p(1= DT + 7 —7) fis
=0 =1

(A.14)

Elapy((k — DT + 7)) = Grore % E[la)?] 20, 29,

G((k—=1=0DT+ 7—1)p((=1 = DT + 751 — ) fre—1

(A.15)
S17.0.8.9) = Re {0 S £,
¢i((k = DT + 7)p((L = DT + 7% — 7)) fik (A.16)

—grae P Ela]?] o
G((k=1-0DT+ 71)p((=1 = )T + 751 — ) fie—1}
Next we derive the sensitivity function for the zero crossing timing error detec-
tor

~

ST(%,H,f,g):E[Re{(dz_l a5) y(kT — T/2 + 7 1)e“}y 0,f, } (A.17)

S:(7,0,£,9) = Re{gre E [la2] £ S, allk — L= DT+ 71)

(3 = DT + 7 — 1) —p((—3 = DT + F5m1 — 1) fin}
(A.18)
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Next we compute the sensitivity function for the early late detector.

S, (7,0,f,§)=E [Re {ak (y((k + %)T + 7)) — y((k — %)T + %,“)) H (A.19)

S.(7,0,f,

QQ>

Re {gre M Ellal?) (S0 L2y allk — 1+ DT + )
Pl = DT + 5 = 7) fus = S D&y aal(b— 1= DT +710)

p((—3 = DT + 7o — 7) fir) }
(A.20)

Next we compute the sensitivity function for the special case of M-nonlinearity

timing recovery for M=2.

The1 = T + pRe {yz, %, } (A.21)

Y, = gke_jé’“ Zn: anhr gk, n] + vg (A.22)

Ui = gke_jék zn: andh.¢lk,n] + vy (A.23)

E [v5,95] = | El|an/?] Zh [k, n]dho¢[k,n] + (A.24)
S(0,£,9,7) = |gk|*E[|an|?] ZRe{h [k, n)dh,¢[k,n]} + o (A.25)

P-1 Q

heglk,n] = " ei((k = DT +#)p((k — 1= n)T + 7 — ) fi (A.26)

=0 i=1
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dhglk.n] = 3250 S8 [dei((k = DT +7)p((k =1 = n)T + 7 — ;)

+ei(k=DT + 7)dp((k =1 —n)T + 7, — 1)) fi

(A.27)

A.4 Equalization

We now study the sensitivities of equalization algorithms to other devices param-
eters in a digital receiver. Handling the possibility that all of the other devices

have processed the input to the equalizer, we have a general input of the form
T = gke_jé’“ Z Clnh{—[l{?, n} + Vk <A28)

Define f = [fofi - fr_1]? and vy = 2251+ 24_py1|T. First we analyze the

LMS update sensitivity function

P-1
S;.(9,0,7,f) =E [ka <aH =) wp fl>] (A.29)

Sfm (g, é, 7A‘7 f) =E [xz_mak_d — E [[Ek_ll‘z_m} fl (A30)
using standard iid zero mean assumptions about the source we have

Sfm (gv év 7:7 f) = gkfmejék_mE“aP]h; {k' —m, k — 6] - ZPO1 Gk— mgk lej(gk_m_ék_l)

> EllalIhi[k —m,n)he [k — 1, n] fi + E[vi_, vk-i] fi
(A.31)

Next we derive the sensitivity equation for (2,2) CMA. We begin our analysis with

S (£,7.0.9) = E[lv =122 fi 32, anhlk — i, n] + vei) %)
> fi Oy anhlk — i n] 4 vi) (32, anhlk —m,n] + v)]

So our analysis breaks into finding two terms

Z fl (Z anh —|— Vf— Z> Z fls (Z am ig, ng} + Uk—ig,)

n3
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and
E[flrirem] =E[ X, fi (00, anhlk — i,n] + ;)
(Do, @noh[k — m,no] + v4_) |

Doing the second term (which is far easier) first, we have

E [f rpry— m - E ’a‘ Zzh* - Z TL - Zan]fz =+ me“kam’Q]

Writing out all of the sums in the first term

E[ (Zm an ZQ Ziz Uy Ay, [iry fin B[k — i1, n1| W[k — g, no]
F2375 JiVkiy 2oy Ony Dy Jishlk — 2, ma) + 300 fiyUriy Do, finVh—is)
(Zn3 U D i [k — iz, ms] + 37, f;;UZ—zs)
(X, an, [k —myna] + 07 _,,)]

and expanding, yields

EL (s mams O Wiy Sty fo fu Pl = i1, ma ]k = 2, mal [k = iy, ]
T D s Dy Oy Oy D s D i D i Jir fin fiy Vi Pk — i1, ma]hlk — i2, ng]
F2D 0 Doy Cna g D i D i D fin fin fi Bk — d2, mal W[k — i3, mg]ug
+2 Zil Zig Zi3 Jir Jio f;;vk—il UZ_Z-:,, Zn2 Uy ZiQ h[k? — 12, nz]
i D Yo Jin i ki Uk—iy Vi)
(2, an [k —m,na] +vf_,,)]
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expanding again produces

E [ an ZTLQ ZHQ an ZTL4 anl anQ a:,ja/:;zl Zil Z’L'Q Zi:; fil fi? f;;

h[l{? — le, nl]h[k; — 7:2, ng]h*[k — ig, ng]h* []{7 —m, n4]
+ an an Zn3 an1an2a23 Zil Zig Zm f“fmf;h[k’ — i1, nl]h[k — 2, M2
h* [k — ig, ng]?}z_m
+ Z'I’Ll ZTLQ ZTL4 anlan2a24h* [k - m7 n4] Zil Z Z2 Z ngll szleUZ—Zd
h[k‘ — Z'1, nl]h[k — ig, 712]
+ an ZTLQ anlanQ Zil Zig Zig fil fiQ f;;vI:—zs,UZ—m
h[k — le, nl]h[k; — ig, ’I’Lg]
+2 an an Zn4 an2a;k13a;;4 Zil Zz‘z le f’h fiQf;;Uk—il
h[/{ — ig, ng]h*[k‘ — i3, ng]h* [k —m, 714]
+2 ZTLQ Zn4 an2a;4 Zil Zig Zig fil fiZf;;Uk_ilv;::—ig
h[k‘ — 7:2, ng]h*[k’ —m, 7’L4]
+ Zn4 a:l/4h* [k - m’ n4] Zil Zig Z’ig fil fi2 flzvk*llkalQUZ—Zg,
+2 an an an2a:3 Zil Zig Zig fil fizfi*gvk—ilvlt—mh[k — 1, n2]h* [k — 13, n3]
+2 Zil Ziz Zig fil fiQ fizvk_ilvzfigvzfm an an2h[k - 7:27 nQ]
+ Zil Zig Zig fi1 fi2fizvk*ilvk*bvl:—ngZ—m]

Now we drop terms which, under standard iid distribution of source symbols and

iid uncorrelated noise assumptions, have expectation zero

2 2oy (01 — n2lE(lal*] + (1 = 6[n1 — no])(E[|al’])?)

Dois iy 2i Jis fin fishlk — i1, ma B[k — i3, ma]hlk — da, no]h* [k — m, ny]
+232,, BllaPI 325, 325, i P fiu ElloP)Alk — ig, na] [k — m, i

+237, Ellallfx-mElloe-m[*1 32, 325, fio Fiyhlk — i2, ][k — i3, 7]

+ 223 il fon (818 = mlE[[oi*] + (1 = 6[i — m])(E[lvil*])?)
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Thus, we have that the total sensitivity is

S (£,7,0,9) = ~[Ellal®) 32, 22 h*[k — i, n]hlk — i, n]fi + fnE[Jop—m|?] -
(220 2o, (O — n2]E[lal]
+(1 = 0[n1 —na))(El|al?))?) 324, 224, 2oi, fir fia fi bk — i1, ]
h*[k — i3, nq]hlk — ig, nah* [k — m, no
+237, Ellal®] 32, 325, [fi P fiElJoP]h[k — iz, na]h* [k — m, na]
+237, Ellal®) fomEllve-ml?] 325, 225, fio fi [k — i2, n]A[k — i3, n]
+ 32 | il fin (88 = m]E[Jvg|*] + (1 = 0[i = m]) (E[|vs*])*)]



Appendix B
Digital Receiver Component Interaction

Comments

This appendix contains some quotes pulled from the adaptive receiver literature
about multiple adaptive devices interacting. From these quotes we can discern
recognition of the interaction of different adaptive systems to be an existing prob-
lem about which very little research has been done. Specifically, adaptive com-
munications receivers are a prime example of this phenomenon. Algorithms are
designed and proposed, complete with signal models, which assume that all of the
other tasks in the receiver have been performed perfectly. To give some validity to
these broad reaching statements, here are some quotes from the adaptive receiver

literature

e "The sequential order of some of the digital signal processing blocks can be

interchanged, depending on the realization constraint.” [23] page 225

e "Phase estimation is performed at symbol rate. Since timing recovery is
performed before phase recovery, the timing estimation algorithm must either
work (i) with an arbitrary phase error offset or (i) with a phase estimate
(phase-aided timing recovery) or (iii) phase and timing are acquired jointly.”

[23]

e "Phase recovery can be performed after timing recovery. This is the opposite

order as found in classical analog receivers.” [23]

e "When deriving a synchronization algorithm from the ML criterion, one as-
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sumes an idealized channel model (to be discussed shortly) and constant
parameters, at least for quasi-static channels. In principle, a more realistic
channel model and time-variable parameters could be taken into account,
but it turns out that this approach is mathematically far too complicated.
In view of the often crude approximations made to arrive at a synchronizer
algorithm, it makes no sense to consider accurate channel models. Instead,

one derives synchronization algorithms under ...” [23] page 273

"Several carrier synchronizers make use of a timing estimate, and several
symbol synchronizers make use of a carrier phase estimate. Hence, carrier
and symbol synchronizers in general do not operate independently of each

other.” [23] page 345

”In the case of a feedback carrier synchronizer which makes use of a timing
estimate (the same reasoning holds for a feedback symbol synchronizer which
makes use of a carrier phase estimate), the phase error detector characteristic
depends not only on the phase error ¢ but also on the timing error e...” [23]

page 346

”..it follows that the linearized tracking performance of the feedback carrier

synchronizer is affected by the timing error.” [23] page 346

”Consequently, carrier synchronizers will be analyzed under the assumption

of perfect carrier recovery.” [23] page 347

"Both synchronizers make use of the carrier phase estimate and of the re-
ceiver’s decisions.... it will be assumed that a perfect carrier phase estimate

is available.” [23] page 351
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"When operating in the tracking mode, the considered carrier and symbol
synchronizers do not interact after linearization of the system equations,
when the baseband pulse at the matched filter output is real and even.” [23]

page 377

" frequency correction has been applied to the signal entering the carrier phase

and symbol synchronizers.” [23] page 400

”Several feedback carrier synchronizers make use of a timing estimate, and
several feedback symbol synchronizers make use of a carrier phase estimate...”

23] page 401

”Consequently, in general the dynamics of carrier and symbol synchronizers
are coupled. Although for most synchronizers the coupling is negligible in the
tracking mode because linearization of the system equations about the stable
equilibrium point yields uncoupled dynamics, the coupling can no longer be
ignored during acquisition, where estimation errors might be so large that

linearization does no longer apply.” [23] page 401

” Acquisition performance is hard to predict, because the analysis of coupled
nonlinear dynamical systems that are affected by noise is very difficult...”

23] page 402

”The coupling between the dynamics of the carrier and symbol synchronizer
can be avoided by using a carrier synchronizer which operates independently
of the timing estimate [a candidate algorithm is the discrete time version of
(6-209)] and a symbol synchronizer which does not use the carrier phase esti-
mate [candidate algorithms are the NDA algorithm (6-150) and the Gardener

algorithm (6-205)]” [23] page 402
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"The time needed to acquire both the carrier phase and the symbol timing
is the maximum of the acquisition times for the individual synchronization

parameters.” [23] page 402

"Let us consider the case where the symbol synchronizer does not use the
carrier phase estimate, but the carrier synchronizer needs a timing estimate

(this is the case for most carrier synchronizers).” [23] page 402

"During the symbol timing acquisition, the carrier phase acquisition process
is hardly predictable, because it is influenced by the instantaneous value of
the symbol timing estimate. However, when the symbol timing acquisition
is almost completed the carrier synchronizer uses a timing estimate which
is close to the correct timing; from then on, the carrier phase acquisition is
nearly the same as for correct timing, and is essentially independent of the

symbol synchronizer operation.” [23] page 402

”On the other hand, a coupling is introduced when both the carrier and the
symbol synchronizer use DA algorithms, because most feedback DA carrier
synchronizers (symbol synchronizers) need a timing estimate (a carrier phase

estimate).” [23] page 402

"In the following, we consider the acquisition of the carrier synchronizer
assuming perfect timing; a similar reasoning applies to a symbol synchronizer,

assuming perfect carrier phase estimation.” [23] page 403

”The results (6-244) and (6-246) for carrier synchronization assume perfect

timing” [23] page 406

”Because of their long acquisition time, feedback algorithms are not suited
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for short burst operation.” [23] page 407

"The received burst is processed a first time to derive the symbol timing by
means of an NDA algorithm which does not use a carrier phase estimate.”

23] page 407

"The received burst is processed a second time to derive a carrier phase
estimate by means of an NDA algorithm which makes use of the timing

estimate obtained in the previous step.” [23] page 407

"For the acquisition of the carrier phase and the symbol timing, it is advan-
tageous that there is no strong coupling between the carrier and the symbol
synchronizers. In the case of feedforward synchronization, the coupling in-
creases the computation requirements because a two-dimensional maximiza-
tion over the carrier phase and the symbol timing must be performed.” [23]

page 416

"Therefore, it is recommended that at least one synchronizer operates com-

pletely independently of the other.” [23] page 416

"The least processing is required when at least one synchronizer operates

independently of the other.” [23] page 416

”"When the post-processing also performs additional filtering in order to re-
duce the variance of the individual feedforward estimates, the feedback gives

rise to an acquisition transient, and hangup might occur.” [23] page 417

"we assume that timing has been established prior to frequency synchroniza-

tion.” [23] page 478
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"the allowed frequency offset range is now no longer determined solely by
the capture range of the frequency estimation algorithm itself but also by
the capability of the timing synchronization algorithm to recover timing in

the presence of a frequency offset.” [23] page 478

"If this cannot be guaranteed, a coarse frequency estimate of a first stage
operating independently of timing information (see Sections 8.2 and 8.3) is

required.” [23] page 478

”Timing and phase synchronizer are separated (see Figure 10-15), which
avoids interaction between these units. From a design point of view this

separation is also advantageous...” [23] page 549

"Timing recovery was the square and filter algorithm. The algorithm works

independently of the phase.” [23] page 549

"The second problem is the interaction between the combiner, the synchro-

nization circuits and the adaptive baseband equalizer.” [24] page 1

7on the contrary, the convergence behavior outlined in [9] is not so good in
any distorted channel condition, because of interactions with the equalizer

updating and carrier recovery loops.” [24] page 4

"in this case, to avoid interaction between the equalizer control and the

carrier recovery loop, a phase independent equalizer is advisable.” [24] page

>

"therefore, the effects of interaction due to simultaneous estimation of data,
timing, and carrier could not be studied. These effects are considered in this

paper, and the earlier results revisited and compared.” [25] page 1
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"the sensitivity of various equalizers to sampling timing phase is then exam-
ined. Fading effects on carrier phase estimation are considered. Individual
and joint operation (interaction) of synchronization and demodulation cir-

cuitry is investigated.” [25] page 1

"The choice of a correct timing phase is critical for the performance of a

conventional (synchronous) equalizer.” [25] page 4

”We can see from (13) and (17) that ¢ has an effect on the estimation of §

and vice versa.” [25] page 4

"Timing sensitivity computations on TE’s...confirm the well-known result
that FSE’s are less sensitive to timing variations that synchronous equaliz-

ers.” [25] page 5

”during midband fades the T/2 TE appears to be slightly to inferior to the
3T /4 TE in timing sensitivity- a result which may on the surface appear to

be contradictory to Gitlin.” [25] page 5

"The T-spaced DFE also shows a higher sensitivity to timing that either of

the fractional DFE’s... during both MP and NMP fades.” [25]

”Considering the timing sensitivity of the T-DFE, a timing shift of this mag-
nitude results in a deteriorated performance. Fractional DFE’s, on the other
hand, are more robust to timing deviations from optimum and are able to

"tolerate” this shift.” [25] page 6

"The choice of an optimum timing phase criterion cannot be regarded as

universal for all equalizers studied.” [25] page 7



159

7 At a high SNR, the timing-recovery process can be separated from the de-
coding process with little penalty; timing recovery can use an instantaneous
decision device to provide tentative decisions that are adequately reliable,

which can then be used to estimate the timing error.” [26] page 1

7 At low SNR, however, timing recovery and decoding are intertwined. The
timing-recovery process must exploit the presence of the code to get reli-
able decisions, and the decoders must be fed well-timed samples to function

properly.” [26] page 1

”derives joint ML phase and frequency estimation but the symbol timing is
assumed perfectly known. In actual application, however, all these parame-

ters need to be estimated from each data burst.” [27] page 1

"Timing recovery is necessary because like the carrier phase, symbol timing
is subject to Doppler effects. The compensation could be left to the equalizer
[12], which is able to perform this task as long as the corresponding time span
of the equalizer is longer than the cumulated time offset during transmission.”

28] page 1

"to restrict the tasks of the equalizer to inter-symbol interference (ISI) reduc-
tion, time synchronization should be better performed by a separate unit.”

28] page 2

about DD LMS and DD PLL interaction ”"To obtain a good dynamical be-
havior of the coupled system, the phase synchronizer should be able to track
time variations more rapidly than the equalizer to provide the latter with
reasonably phase-compensated symbol decisions. Therefore, the step-size

parameter « is chosen roughly 10 times the value of p” [28]
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"The effectiveness of our proposal relies upon the synergic action of clock re-
covery and adaptive baseband combining, which allows optimal equalization

of the two-ray diversity channel.” [24]

”This paper considers two solutions to the problem of frequency offset. Firstly,
the equalizer coefficients can be updated on a continuous basis. This method
is computationally complex and has limited performance. Secondly, joint op-
timization of equalizer tap weights and demodulator phase can be achieved

by incorporating a phase locked loop in the equalizer.” [29] page 1

”"We will not address these problems in this paper, and we will assume that

the system has perfect synchronization.” [30] page 3

”These distortions [multipath| can have disastrous effects on decision directed
carrier and timing recovery loops (in particular the timing algorithm, as this

relies on the symmetry of the pulse shape).” [31]

”Since it has been shown in [1] that a (5,5) complex tap DFE yields satis-
factory performance during fading, it is logical to take advantage of the full

equalizer structure for carrier and timing recovery.” [31]

”In this paper we show [via simulations] that the carrier and timing recovery
loops do remain in lock with an acceptable amount of jitter, when they are
operated in conjunction with the adaptive DF, in the presence of multipath

distortion.” [31]

"Due to the complex interaction between the receiver subsystems, the results

presented here were generated via computer simulation.” [31]
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"The insignificant effect of the jitter values obtained is put into perspective
by relating them to estimated performance degradation, derived assuming

worst-case conditions.” [31]

”Finally the effect of the carrier and timing recovery loops on the operation
of the DFE is examined when the taps adapt according to the complex LMS
algorithm. The results indicate that the nominal sampling time is no longer

optimal when the signal is distorted by multipath.” [31]

”Both the TR loop and tap values adapt (the CR loop remains relatively
constant) to a new sampling location such that the mean-square error is re-
duced compared to when the optimum tap weights and the nominal sampling

time are used.” [31]

"This result indicates that the interactive effects of the receiver subsystems

tend to improve, rather than degrade, system performance.” [31]

" Usually, the clock recovery is carried out before equalization because there

is a system instability when it is processed after equalization.” [32]

”The main disadvantage of decision-directed [timing recovery] techniques is
the delay through the feedfoward filter w between the sampling instant and
the computation of the timing error update. The delay degrades the phase-
locked loop (PLL) tracking capability. However, in the critical initial acqui-
sition phase, the equalizer input is used to form the timing error update,

thus eliminating a large part of this latency.” [33]

”To optimize the performance of synchronous equalizers, an appropriate sam-

pling instant must be selected. Various schemes have been proposed for track-
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ing its optimum position during fading events; maximization of the sampled
signal energy, tracking of the zero-crossings, and minimizations of the output
mean-square-error are among the more widely used. If applied at the quan-
tized output, most of these lead to almost the same near-optimal sampling
instant. In addition, it seems that using the equalized signal in this way
tends to improve the general robustness of timing recovery schemes in the

presence of selective fading.” [34]

"The other crucial aspect of carrier recovery is steady-state performance.
As the complexity of high-level modulation techniques increases, so does
their sensitivity to phase jitter, and the carrier-recovery loop must provide
correspondingly tighter control. For normal propagation conditions, this
is achieved by choosing the loop parameters appropriately. However, any
signal distortions induced by the multipath fading will increase the loop
noise spectral density and its noise bandwidth, and reduce the phase detector

gain.” [34]

”As in timing recovery, to improve robustness against selective fading, the
signals used for carrier recovery should be derived from the output of any
adaptive channel equalization. This presents no problems for IF equalizers,
but means that, for baseband implementation, the equalizer (or its feed-
foward part in a decision-feedback scheme) will be inside the carrier-recovery
loop. Excessive delays must then be avoided to prevent consequent degrada-

tions in loop performance.” [34]

”Care also needs to be taken to minimize any interaction betweens he equal-

izer adaptation algorithm and control of the carrier-recovery loop; selec-
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tive correlation techniques and constraint of the equalizer reference tap are

commonly-adopted measures.” [34]



Appendix C

Identities/Preliminaries

C.1 Sum of an Infinite Geometric Series

First we develop the finite form of the sum

N+1

N
SO WE ST
1=0

Using the first and last equation, and dividing both side by 1 — 3, we have

Zﬁ’—

For 0 < B < 1, we can either replicate the argument above, or take the limit as

ﬁN—i—l

(C.1)

N — oo of the finite sum to obtain:
fﬁ §= (C2)
i=0 1-8

C.2 (Discrete) Bellman Gronwell Identity

The version of the discrete Bellman Gronwell Identity found here is taken from

[10]. Let hy >0, xx > 0, o < g, Vk € {0, 1, ...}, and assume we know:

k
Thpr S g+ > b

=0

Then

Try1 < g (H(l + hz))

=1
C.3 Lipschitz Continuity

Definition 6 (Lipschitz Continuity). A function, f : D — RM D C RY is said

to be Lipschitz continuous with constant L > 0 if for all x1,x5 € D the function
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satisfies || f(x1) — f(22)|| < Lzt — 22

Theorem 11 (Differentiability and Lipschitz Continuity). If a function,
f:D — RM, where D is open, D C RY, is differentiable on D then it is Lipschitz
Continuous on any compact subset G of D. Furthermore, the Lipschitz constant

obeys L < sup,eg H%(x)“
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